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Chapter 1
General Introduction
1.1 Plants under stress
Under optimal conditions plants grow and reproduce; yet, plants are often faced with a 
changing - sometime extreme -  environment that can cause unfavorable conditions. In such 
an environment plants are considered to be “stressed” [1], it prevents them from expressing 
their full ability to reproduce [2]. Abiotic or environmental stress includes drought [2, 3, 4], 
heat [3], submergence [5, 6], cold [2, 3], salinity [2, 7] and air pollution e.g. ozone and CO2 
[8, 9, 10]; while diseases and insects pests are classified as biotic stress [2, 3].
The consequence of stress on plants can vary from impeded growth to death. 
Environmental constraints usually play a role at a regional level and in agriculture the effect 
of stress can limit crop yields. In the USA, most of the yield loss is caused by abiotic stress 
and only a minor part (7%) by biotic stress [2]. Drought is the most prominent among the 
abiotic stresses [2, 4]. On the other hand, in South and Southeast Asia flash flooding often 
occurs submerging rice plants for weeks; flooding represent a severely limiting factor for rice 
production [5]. Cold forms an important limiting factor of crop production in the USA [2] 
and in North Africa [3].
In many cases, a result of stress is the formation of reactive oxygen species (ROS) 
[11]. The ROS in plant tissue can initiate lipid peroxidation [12] that causes damage on cell 
membranes and is considered the most important mechanism of tissue damage. Numerous 
studies have been conducted in order to elucidate the mechanisms and the effect of this 
oxidative stress e.g. by monitoring ROS or looking at lipid peroxidation products. The 
presence of ROS has been investigated for chilled leaves [13, 14], post-anoxia condition [15] 
and artificial aging of seeds under high temperature and high humidity [16, 17]. The 
intermediate and the end products of lipid peroxidation have also been explored to monitor 
the process. Mal ondi aldehyde (MDA) measurement is a well-known method to prove the 
occurrence of lipid peroxidation [18, 19, 20, 21]. Recently, gaseous products of lipid 
peroxidation have been measured to study the effect of stress on living tissue, e.g. ethane [13] 
and ethylene [22].
Biotic stress on plant is caused by bacterial, fungal and virus invasion and can lead to 
plant death when the plant's defense mechanism is insufficient. Different responses of plants 
to the infection are known; they all can be related to the way of recognition of the plants to 
the invader pathogen [23, 24]. To prevent spreading of the infection, plants can perform a 
hypersensitive response by producing a burst of reactive oxygen species thereby inducing
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local cell death [25]. Recently, gaseous nitric oxide has also been found to participate in this 
mechanism [24].
To investigate the impact of stress on plants a number of methods have been 
employed from which the most are destructive, like grinding the bio-material for an assay of 
MDA measurement [18, 19, 20, 21] or for electrolyte leakage [26, 27, 19]. To measure 
gaseous products as result of stress, sensitive and selective instruments are needed; 
commonly a gas chromatograph is used. In this thesis we have constructed and utilized the 
powerful photoacoustic detection technique to examine the gaseous products of plants 
exposed to abiotic and biotic stress. Ethane, one of the end products of lipid peroxidation, is 
measured as response to three different stresses i.e. chilling, submergence and artificial aging. 
Nitric oxide is measured as a gas recently discovered to be released in plant-bacteria 
interaction.
1.2 Photoacoustic Detection
The photoacoustic phenomenon was discovered by Alexander Graham Bell in 1880 [28, 29]. 
Bell found that sound was generated whenever light, modulated at audio frequency impinges 
on a solid surface. The gas surrounding this surface transmitted the sound; detection took 
place by a stethoscope, which is still used in medical practice. The conversion of light to 
sound leads to the term "photoacoustics". Soon afterwards, Tyndall and Röntgen also 
investigated this new phenomenon in the liquid and gas phase. In the early period, research in 
this field was performed utilizing a simple light source like sunlight. Lack of intense 
monochromatic light sources and of good sound detectors limited the application of the 
photoacoustic methods in the subsequent period. The development of sensitive microphones, 
and especially the invention of tunable lasers as intense light sources in the 1970's, really 
opened the photoacoustic field.
Nowadays, due to its high sensitivity, photoacoustic detection is being applied in 
various fields. Photoacoustic techniques have been employed to study the material properties 
that are very important e.g. to develop semiconductor devices, to study ultrafast phenomena, 
to monitor trace gases for biological, medical, agricultural and environmental applications 
[30].
Recent concern on the environment is studied by monitoring the trace gases in the 
ambient air. Employing a mobile photoacoustic system, Sigrist's group in Switzerland has 
conducted numerous field studies. Gases like ozone, ethylene, water vapor and carbon 
dioxide were monitored in the rural [31] and urban areas [32, 33]. The industrial emission 
and traffic gases were examined to investigate the anthropogenic contribution to the air 
composition. Several gases like CO2 , NO, ethylene, propylene, benzene, toluene, 
formaldehyde, acetaldehyde, methanol and ethanol were detected, from the vehicle exhausts 
[34] and from a pharmaceutical production plant [33].
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The merits of photoacoustic detection have been demonstrated in an investigation of 
medical relevance. Lipid peroxidation induced under the influence of UV radiation in human 
skin leads the release of C2H4 [22].
Numerous applications of the photoacoustic detection for measuring different gases 
have been reported in Biology. It has been shown that the CO2 laser based photoacoustic 
detection is especially sensitive to detect ethylene, a very important plant hormone; 
concentrations down to 6 ppt (part per trillion) can be detected [35]. Employing this system 
ethylene emission has been detected from various subjects, a single orchid flower [35], 
submerged Rumex plants [36], and nitrogen fixation in cyanobacteria [37]. Acetaldehyde and 
ethanol, two other important gases emitted by plants, were monitored for (post)anoxic fruit 
[38], (post)submerged rice [39], and poplar trees [40]. Ethane and pentane were measured to 
study the germination of peas [41]. Isoprene, released during photosynthetic activity has been 
monitored by Dahnke et al. [42]. Photoacoustic measurements on insect respiration were 
performed to detect methane, water vapor and carbon dioxide [43, 44, 45].
Figure 1.1 shows the simplified setup for photoacoustic detection of gases. The 
detector consists of two main parts, i.e. the laser as the radiation source, and the 
photoacoustic cell. The gas in the photoacoustic cell absorbs light energy whenever the laser 
transition frequency matches the absorption frequency of certain trace gases. By means of 
molecular collisions the excited molecule transfers its energy to kinetic energy of the 
collision partners, resulting in an increase of temperature and pressure. A mechanical 
chopper modulates the light energy and causes a periodic variation of temperature and 
pressure in the photoacoustic cell. A microphone attached to the photoacoustic cell detects 
these pressure changes; the signal is proportional to the gas concentration, the laser power 
and the absorption coefficient of the gas [28, 29, 42].
microphone
chopper photoacoustic
cell
Figure 1.1: The simplified setup of photoacoustic detection. The laser is used as the light 
source that is modulated by a mechanical chopper. The gas inside the photoacoustic cell 
absorbs the incoming light energy and generates a periodic varying pressure that is detected 
by the microphone.
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The sensitivity of this detection scheme is determined by the strength of the 
photoacoustic signal generated in the cell, thus depends on the available laser power and the 
overlap between the laser wavelength and the molecular absorption. Line tunable CO2 lasers 
are commonly used due to their high power and their favorable wavelength region around 10 
^m [35, 37]. Fingerprint spectra of many biologically interesting gases are found in 2.8 - 14.0 
^m region. Therefore, the CO laser that works in that region is also suitable for trace gas 
detection [38, 41, 44]. We further developed and employed the CO laser working in two 
different vibration transitions, the fundamental transition (Av=1) and the first overtone 
transition (Av=2), in the region of 4.6-8.2 ^m and 2.62-4.06 ^m, respectively. Ethane and 
nitric oxide, the two gases studied in this thesis both exhibit high absorption coefficients in 
these two regions.
1.3 Outline of this thesis
The photoacoustic detection technique used in this study is presented in chapter 2. The basis 
of the generation of photoacoustic signal, i.e. the conversion of light energy into acoustic 
energy, is presented and followed by a description of the instrument. Being an essential factor 
determining the sensitivity of the system, the CO laser is described in more detail. 
Subsequently, the description deals with the photoacoustic cell. Finally, the absorption 
coefficient of ethane in the overtone CO-laser wavelength region was determined and used in 
the next chapters 3, 4, 5, and 6.
Chapter 3 describes lipid peroxidation as a process that causes damage of cell 
membranes. This general description provides the basic mechanisms for different phenomena 
studied in chapter 4, 5, and 6. The photoacoustic detection system is described as the method 
to measure ethane as one of the end products of lipid peroxidation.
Ethane is measured in three different stress situations that all lead to a formation of 
free radicals followed by lipid peroxidation. Photo-oxidative damage, a stress due to excess 
of light incident on plants, is studied for cucumber leaves under chilling conditions. Chapter
4 deals with the relationship between this stress and ethane production. The cucumber leaf is 
known as a chilling sensitive leaf that experiences severe damage at low temperature in light. 
The second stress, the submergence, is studied in chapter 5. Two different rice cultivars, one 
tolerant (FR13A) and another intolerant (CT6241) to submergence are investigated under 
various conditions. For comparison, measurements were also conducted on those rice plants 
under a complete anoxic treatment. Storing seeds in a high temperature and high humidity 
environment yields artificial aging, the third kind of stress. Results of this investigation, 
mainly on onion seeds, are described in chapter 6.
A plant-pathogen interaction, a form of biotic stress is presented in chapter 7. This 
chapter deals with photoacoustic detection of nitric oxide. A recent finding of the 
participation of nitric oxide in the hypersensitive response of the plants is measured directly, 
for the first time.
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Chapter 2
CO-Laser Based Photoacoustic Detection; Operation at 
Av=1 (Fundamental) and Av=2 (First Overtone) 
Vibrational Transitions
Abstract
In laser photoacoustic trace gas detection, CO2 lasers and CO lasers are normally used 
working between 9.0 - 11.0 pm and 4.6 - 8.2 pm, respectively. In order to extend this range 
to measure other biologically interesting gases, we built a Av=2 CO laser operating between 
2.62 and 4.06 pm. The CO laser can either be operated in the Av=1 or in Av=2 laser 
wavelength region by a simple interchange of gratings. The holder for the gratings has four 
positions available; one can switch between them electronically or manually. A stepper motor 
is used to move the grating, in order to select the laser line. At present, 165 Av=2 laser lines 
distributed over 24 vibrational bands have been reached. These lines cover the wavelength 
range from 2.9 till 4.0 pm with a maximum intracavity power of 11 watt. The laser 
performance is determined by the plasma of the lasing medium, i.e. by the current and the gas 
composition in the discharge tube. The photoacoustic cell placed intracavity is applied to 
record the spectra of ethane, pentane and ethylene in the first overtone wavelength region.
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2.1 Introduction
2.1.1 Basis of Photoacoustic detection
In contrast to conventional absorption spectroscopy, photoacoustic spectroscopy measures the 
effect of absorbed light. If the laser frequency is tuned to the transition frequency of molecules 
in a gas sample, part of the laser beam is absorbed. The excited molecules can release their 
excitation energy by either radiative or nonradiative decay; the first decay path is unimportant 
in our case of infrared excitation. The radiative lifetime of these excited molecules is long as 
compared to non-radiative decay. In the case of nonradiative decay, during collision with other 
molecules the excited molecules transfer their excitation energy to translational energy of the 
collision partners, resulting in an increase of the temperature, which is accompanied by an 
increase of pressure. By using a modulated laser beam, the pressure inside the cell varies thus 
periodically and is measured by a microphone.
The output signal of the microphone, Sx, depends on the laser power, the absorption 
coefficient and the gas concentration. For a single absorbing molecules, one has [Bijnen,
1995]
Sx = F Px pg ttgx (2.1)
where Sx (in V) is measured at laser wavelength X, for laser power Px (in W); F  is the cell 
constant (in cm V / W) which is a property of the cell, pg is the partial pressure of gas g  (in 
atm), and agX is the absorption coefficient of the gas g  at laser wavelength X (in cm-1 atm-1). 
For convenience, the power-normalized signal will be used in the following
(S / P)x = F p g agx (2.2)
If the cell contains G components of different gases, the individual signals from each 
component may contribute to the detected signal. The normalized signal of the microphone 
becomes
G
(S / P )x =  F  I  p g a gx (2.3)
g =1
For a multicomponent measurement, a number of laser lines has to be used. Tuning the 
grating to several laser lines, i.e. at different Xi, resulted a linear equation
G
(S /P )x i = F  I  pg  agXi i = 1. . . N; g = 1 . . G; N > G (2.4)
g =1
The absorption coefficients of component gas g  at laser wavelength X might be obtained 
from the literature or calibration measurement. By measuring the photoacoustic signal Sx and 
the laser power Px, the concentration i.e. partial pressure p g of each component could be 
calculated using equation (2.4).
Applying a proper choice of the laser wavelength (laser line) [Meyer and Sigrist, 
1990; Oomens et al., 1998] together with a scrubber and a cooling trap [Bijnen, 1995]
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reduces the interference of different gases and leads to a higher selectivity. It permits a 
simultaneous measurement of different gases e.g. ethanol, acetaldehyde and CO2 [Bijnen, 
1995, Persijn, 2000]. On the other hand fast response demands fewer laser lines. Therefore, 
for each experiment one has to compromise between either speed or selectivity.
Since its revival in the 1960's, the photoacoustic detector has shown progress in 
sensitivity, selectivity, time resolution and the number of applications. Following equation 
(2.1), the sensitivity of photoacoustic is determined by the combination of the available 
power of the laser and its spectral coincidence with molecular absorption, and the quality of 
the photoacoustic cell. CO2 lasers and the fundamental CO lasers are commonly used in the 
laser photoacoustic trace gas detection due to their high power and spectral range, working in 
the wavelength region of 9-11 pm and 4.6-8.2 pm, respectively. Suppressing the noise by 
improving the photoacoustic cell design [Bijnen, 1995], led to higher sensitivity. All these 
improvements resulted in a sensitivity of the ppb and even of the ppt level; e.g. 6 ppt for 
ethylene [Harren et al., 1990], 1 ppb for acetaldehyde, 3 ppb for ethanol [Bijnen, 1995].
In order to improve the detection of a number of biologically interesting gases we built 
a CO-laser which can be operated as well in the fundamental (Av=1) as in the first overtone 
(Av=2) mode. The overtone CO laser covers a region between 2.62 and 4.06 pm in the 
infrared wavelength region; this laser has at optimum 330 laser lines spread out over 27 
vibrational bands [Bachem et al., 1993; Urban, 1995]. In this wavelength region many small 
molecules show a strong and characteristic infrared absorption pattern originating from the 
C-H, O-H or N-H stretch vibration.
2.1.2 The CO laser
Since its first realization in 1965 [Patel, 1966], carbon monoxide (CO) lasers have been 
further developed and applied for various purposes. Their high power feature leads them to 
be a good candidate for industrial application next to CO2 lasers. Furthermore, due to their 
shorter wavelength they show a better focussability and higher absorptivity for metals 
[Schellhorn and Bulow, 1995]. A test of aluminum welding shows that the CO laser creates a 
better weld seam quality as compared to the commercial industrial CO2 laser [Schellhorn and 
Eichorn, 1996]. For spectroscopic applications, the CO laser spectral lines coincide with a 
large number of absorption lines of relevant organic and inorganic compounds. Due to these 
particular properties, the CO lasers have been employed to monitor trace gases in conjunction 
with a photoacoustic cell [Bernegger and Sigrist, 1990; Bijnen et al., 1996; Zuckermann et 
al., 1997; Martis et al., 1998; Dahnke et al., 2000; Persijn et al., 2000].
The fundamental (Av=1) CO laser covers the spectral region from 4.6 to 8.2 ^m 
operating from the v= 1 ^2  to the v=35 ^  36 band with intracavity laser power amounts up to 
40W [Bernegger and Sigrist, 1990; Bijnen, 1995; Bijnen et al., 1996]. This laser has been 
used as a light source in photoacoustic detectors to measure trace gases of biological and 
environmental interest like acetaldehyde, ethanol, and methane. The high sensitivity of the 
system is due to the high absorption of those gases in this region and the high power of this
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laser. However, water vapor that is always present in the measured sample also has a high 
absorption in this region. Therefore, special care has to be taken to reduce the interference of 
this “unwanted gas", using a scrubber and a cooling trap.
To extend the capability of measuring additional gases the wavelength region of the 
CO-laser is expanded. This is carried out by operating in the first overtone (Av=2) region that 
covers the 2.62 to 4.06 ^m wavelength region, where fingerprints of interesting hydrocarbons 
like methane, ethane and pentane are found. This overtone CO laser has been realized in gas 
dynamic lasers using supersonic expansion for gas cooling [Bergmann and Rich, 1977], as a 
chemical CO laser [Sadie et al., 1972], as electron-beam control discharge [Ionin et al., 
1998], and as low pressure cw discharge laser [Bachem et al., 1993].
Studies of the overtone CO laser have been performed using an electron-beam 
controlled discharge, which shows multiline emission from simultaneous lasing of 
fundamental band and first-overtone. To achieve the lasing on the first-overtone mode, 
several techniques have been applied. Ionin et al. succeeded in suppressing the lasing of the 
fundamental band. The suppression was achieved by inserting an appropriate spectral filter in 
the laser cavity [Ionin et al., 1998]. Alternatively, a proper set of mirrors was used. 
Reduction of the mirror reflectivity in the wavelength region of fundamental band suppress 
their lasing [Ionin et al., 1999]. By applying high reflectivity mirrors (92, 98, 99.9%) within 
overtone spectral range and low reflectivity (less than 10%) in the fundamental band region, 
Basov et al. obtained a better performance, a higher efficiency [Basov et al., 1999]. Recently, 
they also reported single-line first overtone CO lasers using selective gratings [Basov et al., 
2000].
A cw overtone CO laser has been realized with a liquid nitrogen cooled low pressure 
discharge; this is an achievement of the Bonn group. The first overtone CO laser of this kind 
was reported by Gromoll-Bohle et al. in 1989 [Gromoll-Bohle et al., 1989], who employed 
the same plasma tube as for the fundamental CO laser. They observed output power of 55 
mW measured from the zeroth order of the grating. Since its appearance, subsequent 
development has led to more laser power, more laser lines and coverage of a wider 
wavelength region. Bachem et al. accomplished a significant improvement. They used a 
smaller diameter discharge tube to enhance the gain, and reduced losses of the laser cavity by 
using a high reflectivity gold-coated grating. With this improvement they achieved 350 mW 
measured from the zeroth order of the grating and more lines (350 laser lines). A new design 
of the discharge tube has further improved the performance of the CO laser. Using an 
externally ribbed wall for the cooled discharge tube, about 20-30% more power has been 
obtained compared to the smooth tube, and more laser lines were also obtained [Buscher et 
al., 1997].
Using a proper grating, a fundamental and an overtone CO laser can be obtained with 
the same discharge tube. Therefore, to be able to work in these two modes, we developed a 
special grating holder and used the same discharge tube reported previously [Bijnen et al., 
1996]. This holder contains 4 places for 4 different gratings. The fundamental (Av=1) and the
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first overtone (Av=2) gratings can be switched alternately. Furthermore, the absolute position 
of the grating can be traced by monitoring the position of the arm holder.
2.2 Experimental setup
The experimental set up is depicted in Figure 2.1. The carrier gas e.g. air flows through the 
sample cuvette, scrubber and cooling trap into the photoacoustic cell. The CO laser functions 
as a line tunable monochromatic radiation source for the photoacoustic detector; it consists of 
grating (1), the discharge tube (8) contains the plasma of the lasing medium and end mirror 
(14). A resonant photoacoustic cell (3) is placed inside the laser cavity between the grating 
and the discharge tube. A mechanical chopper (15) is located inside the laser cavity to 
modulate the laser.
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Figure 2.1: Experimental setup of CO Laser photoacoustic detector. 1, grating in the grating 
holder (see the detail in Figure 2.2); 2, power meter serves to monitor the power from the 
zeroth order reflection of the grating; 3, photoacoustic cell is placed inside the laser cavity; (4), 
resonator tube; 5, microphone; 6, inlet for trace gases; 7, tunable side arm to minimize window 
signal; 8, discharge tube contains the plasma of the lasing medium; 9, gas mixture inlet, 10, 
cathode; 11, gas mixture outlets; 12, liquid nitrogen inlet / outlet; 13. anode;14, end mirror 
(R=4m); 15, chopper; 16; flow controller; 17, sample cuvette; 18, scrubber; 19, cooling trap.
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CO laser
The CO laser is based on Bijnen’s design [Bijnen, 1995]. It consists of a resonator and 
discharge tube, with three coaxially placed parts; the innermost is the plasma tube, the middle 
part is formed by the liquid nitrogen reservoir and the outer part is a vacuum jacket. A 
Littrow mounted grating and a high reflection (100%) mirror (R=4m) each at one end define 
the laser resonator. The resonator length is optimized using a piezo crystal. The laser power 
is measured via the zeroth order reflection of the grating by a pyroelectric detector.
The grating holder is placed in a chamber, which is flushed with dry nitrogen to 
reduce water vapor absorption; the details of this holder are shown in Figure 2.2. The holder 
has 4 places for four different gratings G1, G2 and G3; G4 is at the bottom side of the holder 
not shown in the picture. A DC-motor “Maxon 15-series” (DC M) is used to select the 
grating, it is operated by the control box (CB 3). Once the grating is chosen, the vertical 
position can be optimized by a picomotor “New Focus Inc.” (PC M). This is a fine tuning 
motor that can be operated through a control box (CB 2) using a control pad (CP) or a 
computer (PC). The wavelength selection is achieved by changing the incidence angle of the 
laser by moving the holder arm, which is coupled with a rod to a stepper motor (ST M). Both 
ends of the rod are hold by magnets that fasten it to the arm of the grating holder and to the 
stepper motor head. The movement of the stepper motor is controlled by a computer (PC) 
through a control box (CB 1). The present stepper motor (Oriel) has 12600 steps, which 
covers a distance of 2.5 cm.
The laser power is monitored from the zeroth order reflection of the grating, which is 
transmitted to the power meter (PM) by two mirrors M1 and M2. This power meter consists 
of a pyroelectric detector, which is connected via a lockin (LC) amplifier to the computer.
The exact position of the grating can be checked using the holder position detector. It 
consists of a diode laser (DL) and a quadrant detector (QD) and a mirror (M3); the latter 
attached to the backside of the arm holder (Figure 2.2). The signal of the quadrant detector is 
determined by the position of the diode laser beam reflected by the mirror M3, which 
depends on the arm-holder position, and thus on the position of the grating. Figure 2.3 shows 
the typical output of the quadrant detector related to the stepper motor position. Using a rod 
with a certain length, the output of the quadrant detector crosses zero steeply at a certain 
position. This zero crossing position (arrow sign in the picture) indicates a certain angle of 
the grating holder. Therefore, it is used as an absolute reference for the grating position. The 
position of the laser lines can be measured relatively to this position.
Photoacoustic cell
The photoacoustic cell used in this setup is the same as reported earlier [Bijnen, 1995]; here 
only a short description follows Figure 2.1. The photoacoustic cell is placed inside the cavity 
of the CO laser to achieve high power. The photoacoustic cell consists of a resonator of 150
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mm length and a diameter of 15 mm; it is connected to buffers that are closed with ZnSe 
windows at Brewster angle. This configuration yields a resonance frequency of 1090 Hz for 1 
atmosphere air, and a quality factor of 38. Gas inlet and microphone are located in the middle 
of the PA cell, the outlets in the buffer volumes. An electret microphone (Knowless EK 
3024) is used to monitor the acoustic signal. A PC via a lockin amplifier records the output of 
the microphone. To reduce the noise, the gas inlet was connected to the cell via an acoustic 
damper. Furthermore, tunable air columns are added to the buffer volumes to suppress the 
signal generated at the ZnSe windows.
Cooling trap and scrubber
To remove interfering gases, the carrier gas was led through scrubbers and a cooling trap. 
The cooling trap consists of four aluminum plates in a Dewar flask. These plates are 
connected to the liquid nitrogen at the bottom of the Dewar. To keep the plate temperature 
constant, a heater and temperature sensor are mounted on the plate. Furthermore, the liquid 
nitrogen level is electronically controlled. The design offers different temperatures for each 
plate. Unwanted gases could be separated from the gas under study by applying a proper 
setting of the plate temperature. For ethane measurements the carrier gas is led through a 
plate that is set to -1500C; at this low temperature most possibly interfering gases are trapped. 
In addition, different scrubbers are applied to remove a specific interfering gas, e.g. CO2 is 
removed using a KOH scrubber, CaCl2  scrubber is used to remove water.
2.3 The performance of the laser
The laser is operating at a single line, either in the fundamental vibrational transition (Av=1) 
mode or the first overtone (Av=2) mode. Four different gratings (one grating for the Av=1 
mode and three gratings for the Av=2 mode) can be used to select the laser lines. Table 2.1 
lists the gratings used in this experiment. Due to the differences in the number of grooves per 
mm on the gratings the same wavelength is obtained for different angles, i.e. different 
positions of the step motor. Operating in the Av=2 mode, grating no 1 (450 lines /mm) and 
grating no 3 (425 lines / mm) have overlap of wavelengths in the same range. In contrast to 
this, grating no 2 (550 lines/mm) works at a higher stepper motor position. Similar to this, 
grating no 4 (150 lines /mm) for the Av=1 mode places in a shorter stepper motor position. 
Because of the scan range limitation of the stepper motor (2.5 cm), an appropriate length of 
the rod (see Figure 2.2) has been chosen to cover the whole range of the laser. Two different 
rods are needed, a short rod for the Av=1 grating and a long rod for the Av=2 gratings. This 
long rod can be used for all Av=2 gratings.
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Figure 2.2: The detail of the grating holder
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Figure 2.3: Quadrant detector output. The stepper motor moves the reflected diode laser 
across the sensitive area of the detector. The arrow indicates the zero crossing, where the 
stepper motor and thus grating position is defined very sharply.
Caption of Figure 2.2: G1, G2 and G3 the present gratings. The grating G1, in the front 
vertical position, is operational in the drawn setup. Gratings G2 in the upper horizontal 
position, G3 in the backside vertical position and G4 (not shown) in the bottom side 
horizontal position are in stand by position. The mirrors M1 and M2 are used to reflect the 
CO laser to the power meter PM, while M3 reflects the laser beam from the diode laser DL to 
the quadrant detector QD. An oscilloscope OSC serves to monitor the signal from the 
quadrant detector. Three different motors are used; a dc motor DCM to select the grating, a 
picomotor PCM to optimize the vertical position of the grating and a stepper motor STM to 
select the laser line (wavelength). These three motors are operated through separated control 
boxes CB3, CB2 and CB1. The picomotor can be run either by a control pad, CP, or a 
computer, PC. The same computer is used to run stepper motor and to record the CO laser 
power through a lockin amplifier LC. The whole holder including the motors are relatively in 
scale, the rest not.
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To test the performance of this CO laser several experiments have been conducted. The 
laser power distributions are shown in Figure 2.4 for Av=2 gratings and Figure 2.7 for the 
Av=1 grating. The results were obtained (using 4 different gratings) under the same gas 
composition (He, N2, CO, air) and discharge (the current is 2.90 A). To achieve optimum 
power the grating was optimized using the picomotor in the middle of the scan range. Then 
moving the stepper motor scans the laser wavelength. No further optimizing of the power is 
applied by either the picomotor or by the piezo crystal, during this scanning.
Table 2.1: The properties of the gratings used in the system: laser mode, number of grooves 
per mm, grating size and remarks on the coating, blaze wavelength and the manufacturer.
No Mode Number of 
grooves per mm
Size 
(mm x mm)
Remark
1 Av=2 450 25x25 Gold coating
2 Av=2 425 25x50 Gold coating, Àblaze: 2.8 - 4.0 ^m, 
Zeiss
3 Av=2 550 25x25 Al coating, Ablaze: 2.4 |im 
Zeiss
4 Av=1 150 25x50 Al coating, Ablaze: 5.0 |im, 
Optometric
Under this plasma condition, 234 laser lines of fundamental band (grating no 4) are 
observed (see Figure 2.7). This spectrum distributed over 30 vibrational bands from v33j12 to 
v4j10 transition. First-overtone-laser-lines are shown in Figure 2.4, obtained with 3 gratings. 
Grating no 1 (gold coated, 450 grooves per mm) produced 95 lines and covers 19 vibrational 
bands (15P to 33P). More laser lines were observed from grating no 2 (gold coated, 425 
grooves per mm). This grating produced 20 vibrational bands (15P to 34P) and 127 laser lines 
distributed over 3 to 8 laser lines per band with a maximum intracavity power of 11 watt. In 
contrast, grating no 3 (Al coated, 550 grooves per mm) showed less laser lines. It emitted 36 
laser lines from 15P to 22P vibrational bands.
The zeroth order of the grating has a minimum about in the middle of the scan range. 
This fact is related to the blaze wavelength of the grating. Less laser lines found in the grating 
no 3, partly due to the blaze wavelength of the grating. A “cut off’ of lines is observed in the 
23P band caused by mechanical properties of the grating and the holder. Due to its small size 
(25mm length) the laser beam has already been working at the edge of the grating. 
Furthermore, there is not enough space for unlimited movement of the grating.
The effect of the plasma and the discharge were studied using the overtone grating no
1. Varying the CO content in the gas mixture and keeping the other component (air, He and 
N2) constant yields a different laser line power distribution (see Figure 2.5). The number of
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lines increases with the CO content. Additional lines were observed from the higher 
rotational quantum number J values. Furthermore, all lines show a higher power for high CO 
concentration. A similar change was found for a constant gas mixture and a higher current 
(and voltage) of the discharge. Figure 2.6 shows an increase of the number of the laser line 
due to an increase of the discharge current.
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Figure 2.4: Laser line distribution for 3 different Av=2 gratings. For all these experiments the 
components of the plasma (CO=2mbar; He= 53mbar; N2=7.5 mbar and trace of air, measured in 
the inlet of the discharge tube) as well as the current (i=2.9 mA) are kept constant. The power is 
the output voltage of the pyroelectric detector that measured the zeroth order of the grating. Two 
missing laser lines in the 25P vibrational band are due to self-absorption on R-transitions
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Figure 2.5: Laser line distribution for different CO concentration in the plasma. For all these 
experiments the other components (He= 53mbar; N2=9.5 mbar and trace of air as well as the 
current (i=2.9mA) are kept constant. The pressures are measured in the inlet of the discharge 
tube. The power is the output voltage of the pyroelectric detector that measured the zeroth 
order of the grating no 1.
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Figure 2.6: Laser line distribution for different current of the discharge. For all of these 
experiments the plasma components (CO=3.5mbar; He= 53mbar; N2=9.5 mbar and trace of 
air, measured in the inlet of the discharge tube) are kept constant. The power is the output 
voltage of the pyroelectric detector that measured the zeroth order of the grating no 1.
32 Chapter 2
1
~  °.-i- 
ro :
CD
§ -
p 0.01
1E-3-
1200 1400 1600 1800 2000
frequency ( cm -1 )
Figure 2.7: Laser line distribution for Av=1 mode (grating no 4). For this experiment the 
components of the plasma (CO, He, N2 and air) as well as the current are kept constant, as in 
Figure 2.4. The power is the output voltage of the pyroelectric detector that measured the 
zeroth order of the grating.
2.4 Determination of absorption coefficients of gases in the first overtone 
CO laser region
Photoacoustic spectrometers have been applied to measure concentration of various 
biological, medical and environmental gases e.g. ethylene [Harren et al., 1990], acetaldehyde 
and ethanol [Bijnen et al., 1998], H2O, CO2 and methane [Bijnen, 1995], ethane and pentane 
[Martis et al., 1998]. The photoacoustic signal is proportional to the laser power, the 
concentration of the gas and the absorption coefficients. Therefore, an accurate absorption 
coefficient is an important factor; it should be known to get a reliable absolute value of 
concentration and render adhoc calibrations superfluous. Note that we are interested in 
"practical absorption coefficients", defined for various CO-laser lines not precisely coinciding 
with spectroscopic single line transition.
For the fundamental CO laser transitions in the wavelength range of 4.6^m -  8.2^m, 
the absorption coefficients of various gases have been determined [Bijnen, 1995; Persijn et 
al., 200] e.g. for acetaldehyde, ethanol, H2O, CO2. However, no absorption coefficient of 
gases can be found for the overtone CO laser lines (2.62^m - 4.06^m). Instead of using the
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absorption coefficients, Martis et al. used the normalized photoacoustic signal to determine 
the concentration of ethane, pentane and ethylene [Martis et al., 1998]. Here, our aim is to 
provide an absorption coefficient for ethane at the wavelengths of the overtone laser that will 
be used to determine gas concentration.
A combination of absorption cell and photoacoustic cell has been used to determine 
the absorption coefficient of ethane (see Figure 2.8). The photoacoustic cell is placed inside 
the cavity of the overtone CO laser. By using a 90% outcoupling mirror, 10% of the laser 
power is directed to the absorption cell (Foxboro variable path 20-meter gas cell). An 
absolute absorption of one laser line can be obtained by measuring the decrease of the laser 
power as a function of the increasing ethane concentration in the absorption cell. A typical 
result of such a measurement is presented in Figure 2.9. This result is obtained at the laser 
line 25P9 for an absorption path length of 0.75 m.
By scanning the laser wavelength, we produced a spectrum of the normalized 
photoacoustic signal of ethane. For this experiment we used a certified calibrated 10 ppm 
mixture of ethane in N2 (obtained from Linde AG). This spectrum can be scaled to the 
absolute absorption coefficient of ethane for line 25P9 measured in direct absorption. For 
comparison, the result is plotted against the ethane absorption coefficients obtained from the 
HASIBO database, see figure 2.10. Absolute absorption coefficient of pentane and ethylene 
were determined in a similar manner. Figure 2.11 shows the absorption coefficients of ethane, 
pentane and ethylene in the first overtone CO laser wavelength region. The values of absolute 
absorption coefficients of these gases are presented in the appendix;
Figure 2.8: Experimental set-up to determine absolute absorption coefficient. 1, grating, in the 
grating holder; 2, The power meter serves to monitor the intracavity power; 3, The 
photoacoustic cell; 4, the discharge tube contains a plasma of the lasing medium; 5, 90% end 
mirror; 6, variable path absorption cell; the extension perpendicular to the laser beam contains 
3 mirrors that allows to change the absorption length up to 20 m; 7, power meter to monitor 
the decay of the power due to the absorption.
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Figure 2.9: Semilog-plot of laser intensity vs. concentration of ethane for the laser line 25P9; 
for the used setting, the path length of the gas cell is 0.75m. Ethane concentration (conc) is 
varied by gas dynamic mixing of pure ethane and nitrogen.
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Figure 2.10: Measured absorption coefficients for C2H6 in the first overtone CO laser region 
plotted against the C2H6 absorption coefficients from the HASIBO database [Hasibo, 1999]. . 
Each point corresponds to different laser lines.
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Figure 2.11: Absorption coefficients (in cm-1 atm-1) of ethane (C2H6), pentane (C5H12) and ethylene 
(C2H4) in the first overtone CO laser region. The spectra of ethane, pentane and ethylene were 
obtained by scaling of their normalized photoacoustic signal to the absolute absorption coefficient of 
ethane for line 25P9 measured in direct absorption.
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2.5 Discussion
Power spectra of the fundamental and first overtone CO laser have been taken using the 
present setup. Single line emission was obtained and selected by applying a proper grating. 
The gratings are mounted in a special designed holder that has four places for four different 
gratings. This holder, the hart of the setup is a novel design that provides a possibility to work 
in two different wavelength regions for the CO laser. An advantage of using this grating 
holder is the fact that the gratings can be switched without disturbing the system. In a 
conventional design that has only one place for one grating, replacing the grating needs a new 
alignment. Using this new design the gratings were aligned once and then the optimum 
position can be achieved by utilizing the picomotor. An additional arm-holder position is a 
very important tool. It is used to check the absolute laser line position, to avoid the position 
shift that might be encountered during the operation of the system. Although this holder is 
relatively complex, its design serves a stable operation, no serious mechanical stability 
problem has been encountered.
The scanning range of the grating is determined by the grating properties e.g. the 
number of grooves per mm. The scanning performance of the laser is affected by the fact that 
three gratings for the same mode (overtone mode) have different numbers of grooves, and the 
grating for the fundamental mode has a smaller number of grooves. The grating with a large 
number of grooves needs a larger stepper motor scanning range. This property yields a better 
discrimination of the laser lines, avoiding the overlapping of the laser lines especially in 
adjacent bands. On the other hand, a larger scanning range needs a larger size of the grating 
and more space (the pivot is at the edge of the grating). The “cut-off’ frequency shown by 
grating no 3 (an overtone grating, 550 grooves per mm) is due to this large scanning range. In 
the other case, switching between fundamental and overtone mode requires a change of rod 
length; it is due to a large difference in the number of grooves per mm of the fundamental and 
the overtone grating. To overcome such problems, a larger scanning range of the stepper 
motor (5 cm) will be used. Furthermore a proportional number of grooves per mm for the 
fundamental and the overtone mode might be applied.
Three spectra of the overtone CO laser produced by three different gratings (Figure 
2.4) show a similar character; no band overlap is detected, and distinct lines are observed. In 
contrast, the fundamental CO laser (Figure 2.7) shows a dense laser line distribution and an 
overlapping of adjacent bands. This characteristic difference (between the fundamental and 
the overtone mode) is due to the bigger shift between adjacent bands and a narrower of 
rotational manifold that can lase on the overtone mode, due to the lower gain [Urban, 1995].
The laser power distribution is determined by the plasma in the discharge tube, as 
shown in Figures 2.5 and 2.6. The increase of current (for the same gas mixture) has the same 
effect as an increase of CO content (for the same current) resulting in more laser lines in 
higher J values and a higher power. Simultaneous increase of current and CO content in the 
mixture shifts the laser lines distribution toward higher vibrational bands and higher 
rotational transitions [Bachem et al., 1996]. Other parameters in plasma composition such as
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oxygen, helium and nitrogen have not been studied intensively yet. Rough experiment 
showed that an excess of oxygen diminishes the power. This is caused by the fact that oxygen 
is a strong vibrational relaxer that can prevent the population of the higher vibrational states 
in CO [Urban, 1995]. The power enhancement due to an increase of the CO content has a 
drawback. The discharge becomes less stable. A high CO content increases the resistance of 
the discharge and the voltage that is limited by the specification of the power-supply.
An improved laser power can be achieved by reducing the absorption inside the laser 
cavity. For this reason, the whole cavity is flushed with dry nitrogen. In our setup, the 
grating holder chamber, the space between grating and photoacoustic cell, the space between 
photoacoustic cell and discharge tube, are dried by flowing nitrogen that has passed through a 
cooling trap. The end-mirror of the laser is in the chamber that is always flushed with the 
nitrogen vapor coming out from the discharge tube.
The absorption spectra of ethane (C2H6), ethylene (C2H4), and pentane (C5H12) have 
been determined with the present photoacoustic detector; the normalized photoacoustic signal 
is scaled to the absolute absorption coefficient of ethane for one of the laser lines measured 
by a direct absorption method. These three gases possess a distinct fingerprint spectrum 
between 2800 cm-1 and 3000 cm-1 (Figure 2.11).
High absorption of ethane is found in 5 bands (23P-27P); the 24P-band possesses the 
highest absorption coefficient with a maximum of 11.2 cm-1 atm-1 for 24P7 (Figure 2.11). 
This result is quite different from the calculated absorption coefficients from the Hitran 96 
database. The calculated values show absorption only in the 24P band with a maximum 
absorption coefficient of 1.6 cm-1 atm-1. Our pattern of C2H6 absorption is similar to the 
result measured by A.Popp et al. using a FTIR spectrometer [HASIBO database, 1999], see 
Figure 2.10 and the appendix, but the absorption coefficients are different for still unclear 
reason. In the following chapters, all our C2H6 measurements are interpreted based on the 
column "Abs Coef" of Table 2.2 considered by us as the most reliable absorption data.
Pentane shows a high absorption in 4 bands (24P-27P) with absorption coefficients in 
the same order absorption in the ethane; the highest absorption of pentane is found in the 
25P-band. A much lower absorption is observed for ethylene. Ethylene absorbs in five bands 
(21P-25P), with the highest absorption coefficient of 1.9 cm-1 atm-1 detected for line 24P13.
These relatively high absorption coefficients of ethane, pentane and ethylene in the 
overtone CO laser region provide a strong photoacoustic signal. In addition, in this frequency 
region a very low absorption of water yields a low water signal, i.e. little interference. 
Therefore, a very sensitive detection of ethane and pentane (and less for ethylene) is possible. 
The detection limit (S/N=1) of ethane, pentane and ethylene are 0.5 ppb, 0.5 ppb, 5 ppb, 
respectively.
The distinct fingerprints of those gases allow us to perform a multicomponent 
measurement. The selectivity is obtained by choosing the right set of laser lines that minimize 
the interference [Meyer and Sigrist, 1990; Oomens et al., 1998]. Various combinations of 
laser lines can be used to measure ethane, since there are several lines that have a high 
absorption coefficient. The ethylene absorption coefficient is one order of magnitude less
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than of ethane; therefore, for measuring ethylene it has to include the laser line that has the 
highest absorption coefficient (24P13). Yet, due to its high rotational manifold, line 24P13 
needs a high CO content that leads to instability of the power especially for a long run period.
The possibility of running the laser in two different modes i.e. fundamental (Av=1) 
and the first overtone (Av=2) mode opens wider applications. In this study, the CO-laser is 
used as light source for the photoacoustic detection. Measurement of ethane has been 
performed in the overtone mode. Ethane as an end product of lipid peroxidation is measured 
intensively from different processes e.g. chilled leaf under light (chapter 4), submerged rice 
plants (chapter 5) and aged seed (chapter 6). Operated in the fundamental mode, the system is 
able to measure NO involved in programmed cell death during the hypersensitive response 
period of infection (see chapter 7).
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Laser
line
Wave
Number
(cm-1)
C2H6 C2H6 
HASIBO 
Abs Coef
2H15C 4H2C
Abs Coef S D Abs Coef S D Abs Coef S D
28P8 2812.33 0.22 0.03 0.36 0.19 0.03 — --
28P9 2808.88 0.16 0.02 0.22 0.16 0.03 -- --
28P10 2805.39 0.16 0.02 0.34 0.15 0.02 -- --
28P11 2801.92 0.018 0.03 0.34 0.13 0.02 -- --
28P12 2798.15 0.016 0.02 0.32 0.15 0.03 -- --
28P13 2794.45 0.14 0.02 0.34 0.12 0.01 -- --
28P14 2790.56 0.14 0.02 0.35 0.09 0.02 -- --
29P8 2763.94 0.2 0.03 0.35 0.051 0.009 -- --
29P9 2760.66 0.11 0.02 0.23 0.04 0.01 -- --
29P10 2757.10 0.09 0.01 0.35 0.054 0.007 -- --
29P11 2753.65 0.08 0.02 0.45 0.057 0.007 -- --
29P12 2749.98 0.03 0.04 0.29 0.065 0.004 -- --
30P9 2712.60 0.034 0.007 0.39 0.02 0.004 -- --
30P10 2709.15 0.024 0.006 0.28 0.023 0.003 -- --
30P11 2705.81 0.023 0.007 0.16 0.022 0.006 -- --
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Abstract
Lipid peroxidation is responsible for various damaging effects of biological tissue. The 
presence of reactive oxygen species (ROS) is an essential factor for the occurrence of lipid 
peroxidation. The attack of ROS on polyunsaturated fatty acids, the most common 
constituents of cell membranes, produces a chain reaction and results in various products. 
Several methods have previously been applied to elucidate the process, namely detection of 
ROS and the end products. Ethane is the most stable and specific end product of lipid 
peroxidation; therefore ethane detection offers the best methods to study the mechanisms. 
The overtone CO laser based photoacoustic technique is able to measure ethane online, very 
sensitively and fast.
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3.1 Introduction
Aerobic organisms use oxygen as electron acceptor for energy generation. However, oxygen 
is also able to destroy the cell due to its reactivity. Oxygen and especially its derivatives like 
the hydroxyl radical (OH*) and superoxide (O2-*), can attack each part of the cell including 
the membranes, proteins and DNA. Under normal conditions this destruction capability of 
oxygen is prevented by various mechanisms.
The cell membranes contain mostly polyunsaturated fatty acids (PUF A). Due to its 
reactivity, oxygen species can destroy PUFA by lipid peroxidation, which forms several 
products including carbonyl compounds and trace volatiles.
Numerous methods have been developed in order to monitor lipid peroxidation. 
Some methods reveal the presence of reactive oxygen species that initiate lipid peroxidation; 
others aim to study the protecting mechanisms; the lipid peroxidation process can also be 
studied by measuring their end products and damaging effects.
As one of the end products of lipid peroxidation, ethane has been used as an indicator 
of damaging processes caused by lipid peroxidation. There are advantages using ethane as 
lipid peroxidation indicator. Ethane does not further interact with the studied sample. 
Because of its gaseous character ethane can be assessed continuously; processes can be 
followed on a single sample for a long period.
In this chapter lipid peroxidation will be discussed. First, some aspects of lipid 
peroxidation will be clarified; then, the reactivity of oxygen species will be described, how 
they cause the lipid peroxidation process and what are their products will be elucidated. 
Briefly, some detection methods will be discussed, especially the ethane measurement. 
Finally, ethane measurements using the photoacoustic detector will be addressed.
3.2 Lipid peroxidation
It is well documented that cell injury is associated with lipid peroxidation [Cohen, G., 1979, 
Hensley et.al, 2000, De Zwart et al., 1999]. This cellular damage occurs in plants, animals 
and humans. In plants, the damaging effect of lipid peroxidation has been found in seedlings, 
tubers and leaves. Postanoxic injury, also known as reperfusion injury, occurs when anoxic 
tissue is re-exposed to air. Formation of free radicals during post-anoxic conditions, followed 
by the lipid peroxidation process, causes injury in seedlings of soybean [Van Toai and Bolles, 
1991], and rice [Ushimaru et al., 1994]. The same type of injury was also found in potato 
tubers [Sieber and Brändle, 1994]. Leaf damage due to formation of free radicals during 
chilling under light has been found in cucumber leaves [van Hasselt, 1974; Wise and Naylor, 
1987].
There is evidence that certain human diseases can also be related to lipid peroxidation, 
as shown in Table 3.1. In those diseases, it is still not clear whether free radicals are the sole
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cause of the injury. A gradual damage is observed in chronic diseases, while severe tissue 
injury is found in acute cell injury.
Table 3.1: Diseases related to lipid peroxidation*)
Chronic Diseases Acute cell injury
Rheumatism
Asthma
Diabetes
Multiple sclerosis 
Parkinson’s disease 
Alzheimer’s disease
Reperfusion injury 
Stroke
Thermal skin injury 
Organ transplantation 
Cataractogenesis 
Endotoxin liver injury
*) Adapted from [Spiteller, 1996; De Zwart et al., 1999]
3.2.1 Reactive Oxygen Species
In general, free radicals can be defined as a species possessing an unpaired electron. Due to 
this condition free radicals can easily oxidize other molecules. Oxygen can be included as a 
free radical species, because in its ground state it has two unpaired electrons. Many oxidizing 
agents are a derivative of oxygen: singlet oxygen (1O2), superoxide (O2-*), hydroxyl radical 
(OH*), and hydrogen peroxide (H2O2); commonly they all are known as reactive oxygen 
species (ROS).
e- e- + 2H+ e-+ H+ e- + H+
3O2 ------------------> O2 ------------------> H2 O2  ------------------> OH ------------------> H2 O
1 +
I hv H2 O
I
1O2 ( 1A, 1E )
Figure 3.1: The univalent pathway of oxygen reduction and excitation
Reduction or excitation of O2 forms reactive oxygen species. Figure 3.1 shows the pathway 
of oxygen reduction and excitation. Reduction of oxygen in univalent steps produces 
superoxide (O2 -*), hydrogen peroxide (H2 O2 ) and hydroxyl radical (OH*) [Fridovich, 1978; 
Hill, 1979; Salin, 1987].
Superoxide can be produced through the univalent reduction of O2 or the univalent 
oxidation of H2O2. Enzymatically it is produced by flavoprotein dehydrogenases or non-
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enzymatically e.g. through the autoxidation of ferredoxins [Salin, 1988]. Although 
superoxide is not highly reactive, it can generate the more reactive species, like the hydroxyl 
radical. Hydrogen peroxide is the most stable among ROS, possessing low reactivity. In 
contrast, the hydroxyl radical is the most reactive of oxygen species. It will react with the 
first substrate encountered: enzymes, small metabolites, nucleic acids and membranes.
3.2.2 Process and products of lipid peroxidation
Polyunsaturated fatty acids are susceptible to oxidation by free radicals. The process 
known as lipid peroxidation is a radical chain reaction [Slater, 1979; Halliwell and 
Gutteridge, 1989; De Zwart et al., 1999] that consists of three steps i.e. initiation, propagation 
and termination [Wilson and McDonald, 1986; Antunes F. et al., 1999]. This process can be 
represented by
Initiation RH + X* ^  R* + XH (1)
Propagation R + O2 ^  ROO (2)
ROO* + RH ^  ROOH + R* (3)
Termination ROO*, ROOH ^  degradation products (4)
The first step, initiation, is a process of abstraction of a hydrogen atom from lipids 
(RH) by free radicals (X*). The initiation step produces another radical (R*), which will react 
with oxygen in the propagation step to form a peroxy radical (ROO*). Again the peroxy 
radical can continue to attack lipids.
In this chain reaction, a wide variety of non-radical products are formed in the 
termination step. These include alkanes and carbonyl compounds e.g. malondialdehyde. 
[Halliwell and Gutteridge, 1989; Dillard and Tappel 1989; De Zwart et al., 1999]. Among 
numerous alkanes produced in the lipid peroxidation, ethane and pentane are the most widely 
used to monitor this process.
Irreversible damage to membrane systems due to lipid peroxidation can result in the 
death of cells; this can be prevented by protection mechanisms. Lipid peroxidation can be 
retarded by antioxidants that are classified into preventive antioxidants and chain-breaking 
antioxidants [Antunes F. et al., 1999]. The former antioxidants reduce the rate of initiation; 
while the latter antioxidants capture carrying radicals to form a product that stops the chain 
reaction or continues the chain reaction with a lower efficiency.
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3.2.3 Measurement of lipid peroxidation
Four components are involved in the process of lipid peroxidation: the free radicals (ROS), 
the lipids, antioxidant and the end product. By following each of those elements the 
mechanisms of lipid peroxidation can be studied. The presence of free radicals as the initiator 
of the process has been investigated in various samples. Using EPR, an active radical signal 
has been detected in post-anoxic rhizomes of Iris Germanica (a species intolerant to anoxia) 
[Crawford et al., 1994], and in chilled chilling-sensitive tomato leaves [Hideg and Bjorn,
1996]. Reactive oxygen species have also been found in chilled chilling-sensitive cucumber 
leaves [Wise and Naylor, 1987; Shen et al., 1999].
Table 3.2: Product and effect of lipid peroxidation and their measurement methods
Category Methods Sample Reference
Hydrocarbon GC Leaf
Cucumber fruit 
Slices of mamma­
lian tissues 
Slices of liver, and 
kidney 
Liver
Wise and Naylor, 1987 
Kuo and Parkin, 1989 
Riely and Cohen1974; 
Cohen, 1979 
Dillard and Tapel, 1989
Kazui et al., 1992
Malondialdehyde TBARS assays Leaf
Hepatocytes
Van Hasselt, 1974 
Dillard and Tapel, 1989
Structural
damage
Electron
micrographs
Leaf Wise and Naylor, 1987
Fluorescence Leaf Van Hasselt and van 
Berlo, 1980
Electrolyte
leakage
Leaf Wise and Naylor, 1987; 
Pinhero et al., 1999
Visible damage Fruit
Leaf
Kuo and Parkin, 1989 
Shen et al., 1999
The end product and the effect of lipid peroxidation have been studied using several 
methods as shown in Table 3.2. Hydrocarbons like ethane, pentane and ethylene have been 
measured employing a gas chromatograph (GC). They are emitted from various kinds of 
samples e.g. fruit, leaf and also mammalian tissue. Malondialdehyde is indirectly measured 
through the thiobarbituric acid-reacting substance (TBARS) assay. Structural damage due to 
lipid peroxidation has been directly investigated using electron micrograph or looking at 
visible damage. Indirectly, fluorescence and electrolyte leakage are used to study the 
molecular damage.
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3.2.4 Ethane as a marker of lipid peroxidation
Malondialdhyde (MDA) is often used to access the lipid peroxidation process. However, this 
method shows disadvantages; it can not be measured in real time. Further, the method is not 
specific so overestimation forms a danger. The MDA measurement is performed by the 
thiobarbituric acid-reacting substance (TBARS) assay. This test is reliable only for a well- 
defined system. Furthermore some other compounds also react with thiobarbituric acid 
[Meagher and Fitzgerald, 2000; De Zwart et al., 1999].
Among the end products of lipid peroxidation, ethane is the most stable and a specific 
product. This stable character is important for following the ethane evolution. Interference 
from other sources during measurement is negligible. In addition, due to its gaseous nature, 
its measurement can be performed nondestructively and noninvasively. Furthermore, ethane 
evolution is instantaneous; its measurement can be used to follow the time course of lipid 
peroxidation [Kazui et al., 1992].
For medical application, the ethane evolution can be measured from breath. Indeed, 
the first ethane measurement related to lipid peroxidation was performed in the exhaled air of 
mice. Animals treated with CCl4 (a liquid prooxidant) produce ethane; the production is 
smaller when the animals are treated with CCl4 and a-tocopherol and no production is 
detected in the untreated case [Riely and Cohen, 1974]. It was found that ethane exhalation 
in human increases due to some diseases or disorders associated with oxidative stress. These 
include alcoholic liver disease, cholestatic liver disease, liver transplantation, total body 
irradiation [De Zwart et al., 1999], multiple sclerosis, rheumatoid arthritis, respiratory distress 
syndrome [Meagher and Fitzgerald, 2000]
Lipid peroxidation occurs via various mechanisms. These phenomena are found 
frequently during reperfusion of the sample after a certain period of anoxia or hypoxia. Using 
a GC, Kazui et al. detected a significant increase in ethane concentration following 
reperfusion of pig livers treated under warm total ischemia for 2 h [Kazui et al., 1992]. 
Andreoni et al. found an increase in ethane concentration during reperfusion of the heart that 
occurs after removal of the aortic crossclamp and the cardiopulmonary bypass [Andreoni et 
al.,1999].
Ethane emission has also been measured to determine lipid peroxidation in plant 
tissues. By measuring the ethane production Peiser determined the occurrence of lipid 
peroxidation in chloroplasts induced by sulfite [Peiser et al., 1982]. Chilling injury associated 
with lipid peroxidation resulted in ethane production [Kuo and Parkin, 1989]. When chilling- 
sensitive cucumber leaves were chilled under light, singlet oxygen and superoxide were 
formed and resulted in ethane production [Wise and Naylor, 1987]. Sieber found that ethane 
was produced during reaeration of anoxic potato tubers [Sieber and Brändle, 1994].
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3.3 Ethane measurement using overtone CO laser based photoacoustic 
detector
Up to now mainly the gas chromatograph (GC) has been used for ethane detection. Due to its 
low detection and slow response, the GC is not able to follow on line ethane emission. In 
contrast to GC, an overtone CO laser based photoacoustic trace gas detection is very sensitive 
to measure ethane and pentane, and is fast in response [Martis et al., 1998]. Therefore, in this 
study, ethane evolution from samples was measured employing this detector. Here, only a 
brief description of this detector will be given; a more detailed description is found in chapter
2.
The CO-laser is operated in the so-called overtone (Av=2) mode and is line tunable 
over 160 lines in the 2.9 -  4.0 ^m infrared wavelength region, with 11 Watt intracavity laser 
power on the strongest lines. The trace gases emitted from the samples are flushed towards 
the detection cell, which is placed inside the laser cavity to enhance the sensitivity of the 
detector, see Figure 2.1. Small molecular gases such as C2H6 have a specific fingerprint 
absorption spectrum in the overtone wavelength region. The trace gases absorb the laser light 
and a pressure increase occurs in the photoacoustic cell. By modulating the laser beam, 
pressure oscillations are generated which are detected as sound by a microphone. The 
photoacoustic signal depends on the laser power, the gas concentration, and the absorption 
coefficient. By measuring sequentially the photoacoustic signals and laser power for some 
appropriate laser lines, the unknown gas concentration can be determined, see equation 2.4 of 
chapter 2. In this way a detection limit as low as 0.5 ppbv has been reached.
Such a set of laser lines is used to measure simultaneously the concentration of 
various gases. For high sensitivity, laser lines are chosen where the investigated trace gases 
have high absorption coefficients. Selectivity is obtained by selecting the laser lines within 
the fingerprint spectra. The number of lines is restricted in order to get a fast response. 
Applying four laser lines shown in Table 3.3. a series of ethane concentrations has been 
measured. Different ethane concentrations are obtained by diluting a certified gas mixture of 
10 ppm of ethane in nitrogen (obtained from Linde AG) with pure N2. The CO2 is removed 
from the gas flow by using a KOH scrubber before entering the photoacoustic cell. A CaCl2 
scrubber behind this KOH scrubber is applied to obtain a dry flow. Also a cooling trap is 
added to remove unwanted gases, especially residual water vapor. The liquid nitrogen level 
of this cooling trap is controlled to keep the temperature constant. For ethane measurement 
the cooling trap is set to -1500C; at low temperature the heavier gases are trapped. The result 
is presented in Figure 3.2.
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Table 3.3: Selected laser lines and absorption coefficients (in cm-1 atm-1) of relevant 
gases, used for measuring ethane
Laser lines Ethane 
(cm-1 atm-1)
Pentane 
(cm-1 atm-1)
Ethylene 
(cm-1 atm-1)
22P10 0.19 0.11 0.21
24P8 9.0 0.53 0.18
24P13 5.2 3.2 1.9
25P9 9.4 7.7 0.15
time ( h )
Figure 3.2: Ethane concentration measured using overtone (Av=2) CO laser based 
photoacoustic detector. The set values (shown in the Figure) were obtained by a dilution of 10 
ppm ethane on pure nitrogen using mass flow controllers. The result in ethane concentration 
was calculated from the normalized photoacoustic signal with the laser power of four laser 
lines presented in Table 3.3.
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Abstract
At low temperatures, high light intensity induces strong photo-oxidative lipid peroxidation in 
chilling sensitive cucumber leaves. A sensitive laser-based photoacoustic detector was 
employed to monitor on-line the evolution of ethane, which is one of the end products of lipid 
peroxidation. Cucumber leaf discs chilled in the light produce ethane; the rate of ethane 
production depends on the applied temperature, light intensity and period of chilling. During 
a continuous measurement for 30 hours, a typical ethane emission was observed: no ethane 
emission in the beginning followed by a sharp increase to a relatively constant final 
production level in the order of 2 nl g-1 h-1. The ethane evolution was found to increase again 
at warming up after a chilling period.
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4.1 Introduction
Due to their inherent non-mobile character, plants fully depend on their environmental 
surrounding. For most tropical and subtropical plants, low temperature is an unfavorable 
condition that has disadvantageous effects on growth and development and even may limit 
their ability to survive. Agricultural production is an indicator of how plants can adapt to their 
environment. For US farmers cold is the third cause of crop loss after drought and excess of 
water [Boyer, 1982].
Kuo and Parkin observed pitting on cucumber fruits chilled for 7 days and rewarmed 
for an additional 10 days, but not on continuously chilled fruits even if they were chilled for 
10 days [Kuo and Parkin, 1989]. Visible damage on the rewarmed cucumber leaf after being 
chilled for 1 day at 3oC depends on the chilling-tolerance of the leaf. It was found that 
chilling resistant cucumber leaves showed less damage than chilling sensitive ones, i.e. 6% 
and 19% of damaged area of the total leaf area, respectively [Shen et al., 1999a].
More pronounced injury was found on the leaves of chilling-sensitive plants when 
they were kept at low temperature under light. The chloroplast ultrastructure of chilling-
o 2 1 *sensitive cucumber leaves treated continuously at 5 C under light (1000 ^mol m- s- ) 
declined rapidly [Wise and Naylor, 1987a]. Electron micrographs of a chilled leaf showed 
the extent of damage. First the chloroplasts swell, then the envelope becomes irregular, after 
that thylakoid dilation spreads and at the end some tissues are completely destroyed.
Chilling injury was also found to effect the photosynthetic activity, where net CO2 
uptake can be used as an indicator. Chilling-sensitive plants showed a rapid decrease in CO2 
uptake when they were at chilling temperatures under light. After about 5 hours the CO2 
uptake became zero [Wise and Naylor, 1987a].
Damage of membrane lipids causes electrolyte leakage. It was shown that the chilling- 
sensitive cucumber leaf exposed to chilling temperatures had a higher electrolyte leakage 
than the chilling-resistant pea leaf [Wise and Naylor, 1987a]. Also in maize, regardless of the 
period of chilling, electrolyte leakage was higher for leaves of chilling-sensitive cultivars 
than for chilling-resistant cultivars [Pinhero et al., 1999].
The mechanisms of the damaging process have been investigated. Lyons [Lyon, 1973] 
concluded that the primary event of chilling injury is a phase transition of lipids at low 
temperature, from fluid to gel phase. This transition phase leads to dysfunction of the 
membrane; it can be prevented by an increase in the ratio of unsaturated to saturated fatty 
acid in the lipids. Although that conclusion was debated, Novitskaya et al. have shown a 
parallel result. During chilling periods, the ratio of unsaturated fatty acids to saturated fatty 
acids in chilling sensitive cucumber leaves decreases [Novitskaya et al., 1999].
The damage of the leaf tissue was associated with the presence of free radicals [Wise, 
1995]. Low temperatures slow down the electron transport chains, and inhibit alternative 
energy dissipation paths [Oquist et al., 1987]. Both factors enhance the formation of free
* corresponding to 1000 |jE m-2 s-1 and to 1.8x102 J m-2 s-1 at X = 650 nm
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radicals at low temperatures. Furthermore, low temperatures also decrease the activity of 
antioxidants. It is well known that lipid peroxidation processes occur when free radicals 
attack polyunsaturated fatty acids [Halliwel and Gutteridge, 1989]. Therefore, the damage 
caused by lipid peroxidation is more pronounced under chilling conditions. Different studies 
related to lipid peroxidation during chilling have been performed by investigating the 
presence of free radical and by directly measuring the effect of lipid peroxidation.
The formation of free radicals during chilling has been studied by several authors. 
Using EPR spectroscopy Hideg and Bjorn [1996] detected free radicals in chilled chilling- 
sensitive tomato leaves but found free radicals to be absent in chilled chilling-tolerant broad 
bean leaves. On both leaves they did not detect the presence of free radicals under non-chilled 
conditions. Shen et al. found that hydrogen peroxide levels, hydrogen radical generating 
activity, and NADPH-dependent superoxide generating activity were different among chilled 
leaves of three cucumber cultivars with different chilling tolerances [Shen et al., 1999a].
In other methods to investigate lipid peroxidation the concentration of end products 
are measured, e.g. malondialdehyde (MDA) or ethane. The MDA content in chilled cucumber 
leaves was found to be equal to that in control leaves but started to increase upon rewarming. 
The increase in MDA content depended on the tolerance of the leaf to chilling; the largest 
increase was found in the most sensitive cucumber leaves while the smallest occurred in the 
chilling-tolerant ones [Shen et al., 1999a]. There was a clear difference in ethane production 
between unchilled and chilled cucumber fruits. Ethane production was detected using GC in 
continuously chilled cucumber where it increased in time, while in the unchilled fruit very 
little ethane was found. The fruits produced more ethane when they were subsequently 
transferred to warmer conditions [Kuo and Parkin, 1989]. Ethane evolution was also detected 
in chilled chilling-sensitive cucumber leaves under light; the lower the temperature and the 
higher the light intensity the more ethane was produced [Wise and Naylor, 1987a].
The ethane production measurement is not destructive, whereas MDA measurements 
are. Therefore, longer periods of measurement can be realized on the same sample. In the 
past, GC was used for most ethane measurements. Because of its slow response, GC is not 
suitable to follow fast processes like the effect of rewarming of chilled samples.
Photoacoustic detection is a sensitive and fast method to measure gases, like ethylene 
[Harren et al., 1990], methane [Bijnen et al., 1996], ethanol and acetaldehyde [Zuckermann et 
al., 1997] and ethane [Martis et al., 1998. This present study was undertaken to investigate 
the ethane evolution in chilled and post chilled cucumber leaves under light. Using the laser 
based photoacoustic detector for on-line measurements, we especially wanted to examine the 
response of leaves to changes in temperature as well as light intensity.
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4.2 Materials and methods
4.2.1 P lant m aterial
The cucumber plants were grown in separate pots in humus-containing additive soil. The 
temperature was constant 21oC. Plants were illuminated with Scatto Osram (88W) lamp with 
12/12-hour light/dark periodicity. Light intensity at the level of the leaves was about 
150 ^mol s-1m-2
4.2.2 Experim ent
• Leaf discs (14 cm diameter) were cut from 3 to 4 weeks old plants.
• Single leaf discs were used in the thermostated cuvette (Figure 4.1).
Various cold treatments were applied in order to study ethane evolution as a result of chilling 
injury under light.
Treatment 1, effect of low temperature and constant light intensity
Leaves were put at dark or under light at 2oC; ethane evolution and CO2 uptake was 
measured continuously for about 30 hours. The experiment was repeated at 10oC and 
20oC.
Treatment 2, effect of changing the light intensity
Leaves were kept under light at 2oC for 1 day. The effect of light on the ethane evolution 
was investigated thereafter by switching the light off and on periodically, and by changing 
the light intensity gradually in several steps.
Treatment 3, effect of temperature change
Leaves were kept under light at 2oC for 1 day; after that the temperature was changed to 
21oC and the ethane evolution was monitored on-line for about 6 hours.
Treatment 4, effect of change of light intensity and temperature simultaneously
This treatment was the combination of the previous two treatments; at the same moment 
leaves experienced a change of temperature as well as of light conditions. The leaves were 
kept under light at 2oC for 1 day; after that the temperature was increased to 21oC and the 
light was switched off. Ethane evolution was monitored on-line for about 6 hours.
4.2.3 Experim ental setup
Gases were measured as they were released from chilled cucumber leaves under various light 
intensities and temperatures. The leaf samples were put into a specially designed cuvette 
made from annealed brass covered by a glass plate, see Figure 4.1. It has a small volume to 
surface area ratio (diameter 15 cm, depth 0.5 cm). This property is important; the small 
volume is chosen to reduce the dilution effect, while a large surface area enables measuring a 
large sample leaf. The cuvette was cooled by flowing temperature-controlled water from a
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chiller. Because of its high heat capacity and its thermal isolation from the surroundings, the 
temperature inside the cuvette was constant within 0.5oC, as monitored with a temperature 
sensor.
The light source for illuminating the leaf sample consists of an array of 320 red LEDs, 
mounted on a printed circuit board covering an area of 8 cm x 10 cm. This light source can 
provide a high intensity (up to 600 ^mol s-1 m-2) of monochromatic light (À=650 nm). A 
change of intensity can be achieved simply by varying the current without shifting of the 
peak wavelength. Furthermore, there is no heating effect.
Figure 4.1: Circular leaf Cuvette. 1, Brass bottom cuvette; 2, Glass cover; 3, O-ring; 4, 
Carrier gas inlet / outlet; 5, Water cooling inlet / outlet; 6, Clamp; 7, Wet paper; 8, Leaf 
sample; 9, Temperature sensor. See also the photograph of Figure 4.15.
Three sample cuvettes were used during the experiments; one empty as a reference 
and two containing leaf discs. By using electronic valves the system could measure the three 
cuvettes sequentially and repeatedly. The complete experimental setup is depicted in Figure
4.2.
The leaf samples were flushed continuously by a flow of clean air, containing 
approximately 300 ppm CO2. The air was first led to a catalyser consisting of platinum on 
alumina pellets at 500oC to remove all hydrocarbons. The flow rate over the leaf sample was 
kept at 1.5 l/h. Behind the cuvette the flow was split into two parts. The first part of 1.0 l/h 
was used to measure ethane in the photoacoustic cell, and the second part of 0.5 l/h was led to 
URAS (URAS 10E, Hartmann & Braun AG Frankfurt am Main) for measuring CO2 
concentrations. To avoid overload of the URAS (maximum capacity 330 ppm), a dilute flow 
was used; the flow of 0.5 l/h from the sample was three fold diluted by adding 1 l/h N2. To 
dry the flow to the URAS, this mixed flow was first led over a CaCl2 scrubber.
Ethane evolution from the leaves was measured by an overtone CO laser-based 
photoacoustic detector. The overtone CO laser functions as a line tunable monochromatic 
radiation source for the photoacoustic detector. Four laser lines (see Table 3.3, chapter 3) 
were used to measure the ethane concentration. Using these four lines, the measuring time is 
about 100 seconds per data point.
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Figure 4.2: Experimental set up. 1, Catalyser; 2, Flow controller 3, Leaf cuvette; 4, 
Electronic valve; 5, KOH to remove CO2 ; 6, CaCl2 to remove water vapor; 7, Cooling trap; 8, 
Photoacoustic cell; 9, URAS.
The CO2 is removed by using a KOH scrubber before air enters the photoacoustic cell. 
A CaCl2 scrubber is used to remove water. In addition, a liquid nitrogen cooling trap removes 
interfering gases, especially residual water vapor. The liquid nitrogen level of this cooling 
trap is electronically controlled to keep the temperature constant. For ethane measurements 
the cooling trap is set to -1500C.
4.3 Results
Treatment 1: chilling under light.
As a product of lipid peroxidation caused by chilling, ethane was monitored continuously 
from differently treated leaves. Irrespective of temperature, there was no ethane production
from chilled cucumber leaves in the dark. Chilled cucumber leaves under light (500 ^mol s-1
-2 -1 -1 m- ) produced significantly more ethane in the order of 2 nl g- h- after varying periods of
chilling, than the non chilled sample.
Immediately after the start of the treatment no ethane was detected, but after a
prolonged exposure to cold and light the ethane level increased significantly (Figure 4.3). At
2oC with 500 ^mol s-1 m-2 of light, traces of ethane were detected after 5 hours of treatment
and reached about 2.5 nl g-1 h-1 after 25 hours. A similar behavior was found for leaves
treated at 10oC and 21oC; the begin of release was later and the rate of increase and the final
level were lower.
The role of light in ethane production can be seen clearly in Figure 4.4. Two different
leaves were chilled at the same temperature 2oC, one in the dark and the other under light of
-1 -2500 ^mol s- m- . Although it had been chilled for 22 hours, the not illuminated leaf produced
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no ethane while the leaf chilled under light released a significant amount of ethane at an 
almost constant level. Apparently, two parameters are involved in the ethane production as 
shown in the discussed experiments, chilling temperature and light. To investigate the 
individual effect of those parameters, we performed several tests. In all of these tests, the 
investigated leaves had been in chilling temperature conditions under light for about 24 
hours.
Treatment 2: light.
The effect of light on a single leaf was investigated by switching the light on and off; the 
result is presented in Figure 4.5. Ethane was produced when the leaf was illuminated; as 
soon as the light was off no ethane production took place. The light on-off response in ethane 
production was almost instantaneous.
In a second experiment, the light intensity was changed gradually, from 570 ^mol s-1 
m-2 to zero and back to 570 ^mol s-1 m-2, at a constant temperature 2oC. Figure 4.6.a shows 
the dependency of the ethane production on the light intensity. In Figure 4.6.b ethane is 
plotted versus light intensity. Irrespective of the change in the light intensity, increase or 
decrease, the ethane production follows the light intensity linearly.
Treatment 3: temperature.
To test the temperature dependence of ethane evolution, a single cucumber leaf was chilled
under light for 24 hours, and then the temperature was increased gradually under a constant
-1 -2light intensity of 570 ^mol s- m- . The result of this experiment is depicted in Figures 4.7.a 
and 4.7.b. Figure 4.7. a shows the effect of a gradual temperature increase on the ethane 
production: an increase in the temperature causes an increase of the ethane production.
To investigate post-chilling effects, an illuminated-chilled leaf was brought directly to 
room temperature (21oC), under constant light intensity. A sudden increase in the ethane 
production was detected which afterwards decreased to constant level (Figure 4.8). The 
overshoot in ethane production lasted about 90 minutes. After that the level of the ethane 
production in the post chilling stayed significantly higher than the level during the chilling 
period.
Treatment 4: light and temperature.
On the other hand, when an illuminated-chilled leaf was transferred directly to room 
temperature (21oC) and simultaneously to dark conditions, a dip of ethane production was 
detected. After the light was switched off, the ethane emission first declined rapidly, passed 
through a short dip to fall off slowly (Figure 4.9).
When the two changes were separated in time the temperature effect becomes clearly 
distinguishable. Figure 4.10 presents the result of post illumination and delayed post chilling
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on the ethane evolution. When the light was switched off, ethane emission dropped 
immediately. One hour later, the ethane emission increases upon exposure of the leaf to room 
temperature. Like in the previous experiment, ethane emission slowly declined thereafter.
time ( h )
Figure 4.3: Effect of temperature on ethane evolution. At 0h the leaves were transferred from 
room temperature (21oC) to 2oC (□), 10oC (O) or 21oC (A) under 500 ^mol s-1 m-2 light 
intensity. Data points (±SD) are background corrected and averaged over 12 measurements 
points. The line shows the sigmoidal fit of the data points.
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Figure 4.4: Effect of light on ethane evolution. At 0h two different leaves were exposed to 
2oC one was in the dark, and the other was under light (500 ^mol s-1m"2). The empty cuvette 
was used as a reference.
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Figure 4.5: Effect of light on ethane evolution. Starting at 0h the leaf was exposed to 2oC 
under light intensity 500^mol s-1m"2. When the production rate of ethane was almost constant 
(after 24 hours), the light was switched off and on. The light conditions are shown on the 
bottom panel.
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Figure 4.6a: The dependence of ethane evolution on light intensity. At 0h the leaf was 
exposed to 2oC under light (570 ^mol s-1m"2). After 28 hours, at the same temperature, the 
light intensity was changed in steps; from 570 ^mol s-1m"2 to zero and back.
0 200 400 600
light intensity ( |imol s-1 m-2 )
Figure 4.6b: Ethane production as function of light intensity. The data points were obtained 
from the first section of Figure 4.6a when the light intensity was decreased. Each data point 
is the average ethane evolution value for a certain light intensity.
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Figure 4.7a: Temperature dependency of the ethane evolution. At 0 the leaf was exposed to 
2oC under 570 ^mol s-1 m-2 light intensity. Under the same light intensity, the temperature 
was changed in steps to 21oC.
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Figure 4.7b: Temperature dependency of the ethane evolution. The data points were obtained 
from Figure 4.7a. Each data point is the average value for a certain temperature.
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Figure 4.8: Post chilling effect on the ethane evolution under constant light intensity. At 0h 
leaf was exposed to 2oC under 570 ^mol s-1m"2 light intensity. After 27 hours of constant light 
intensity at 2oC, the temperature was raised in one step to 21oC as indicated by the arrow.
2 8  2 9  30  31
time ( h )
Figure 4.9: Post chilling and post illumination effect on the ethane evolution. At 0h the leaf 
was exposed to 2oC under 570 ^mol s-1m"2 light intensity. At 29h as indicated by the arrow the 
temperature and the light condition were changed simultaneously; the temperature was 
increased in one step to 21oC and the light was switched off.
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Figure 4.10: Post illumination and delayed post chilling effect on the ethane evolution. At 0h 
the leaf was exposed to 2oC under 570 ^mol s-1m"2 light intensity. At 27h the light was 
switched off; the black bar indicates the dark condition. One hour later (as indicated by the 
arrow) the temperature was increased in one step to 21oC.
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Figure 4.11: Ethane evolution from a paraquat-treated cucumber leaf. The cucumber leaf 
disc (^=4.2 cm) was immersed in 1.0 mM paraquat for one hour in the dark at room 
temperature. At 0h the leaf was put in the measuring cuvette. Ethane evolution was measured 
when the leaf was in the dark as well as under light. The black bar indicates the dark period.
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Figure 4.12: Effect of the interruption of the light on the ethane evolution from paraquat 
treated cucumber leaf. During the measurement the light was switched off and on, the black 
bar in the bottom panel indicates the dark period.
In addition to the post-chilling and post illumination experiment, the effect of light 
and temperature were investigated by changing the light condition as well as the temperature.
For 24 hours cucumber leaf disc was put under chilling temperature (2°C) in the light (500
1 2^mol s- m- ) or completely in the dark. After that, the light and/or the temperature were 
changed. Light condition was changed from under light (L) to dark (D) or from dark (D) to 
light (L). The temperature was also changed from chilling (C: 2°C) to warm (W: 21°C). This 
experiment results in some combinations. The overall effect of light and temperature on the 
ethane production is presented in Table 4.1.
Table 4.1: Changes in the ethane production from cucumber leaves following the changes of 
its condition [T = temperature; L = light; D = dark; C = chilling; W = warm].
Parameter Change of the 
condition
C2H6
T CL ^  WL Increase, overshoot
CD ^  WD Constant no production
L CL ^  CD Drop to zero, immediately
CD ^  CL Slightly increase after 6 hrs
T & L CL ^  WD Drop, increase then decline
CD ^  WL Slightly increase after 6 hrs
Ethane Evolution as a Result of Photo-oxidative Damage. 69
Paraquat pre treatment
To induce by external means damage due to reactive oxygen species, the cucumber leaves 
were treated with paraquat. A cucumber leaf was immersed in 1.0 mM paraquat in the dark, 
at room temperature. One hour later, this treated leaf was transferred to the measuring 
cuvette. The result is shown in Figure 4.11. There was no ethane emission as long as the 
treated leaf remained in the dark, but ethane started to rise immediately when the leaf was 
illuminated. This emission reached a peak, and then fell off to zero. The effect of an 
interruption of the light is presented in Figure 4.12. In this case after ethane started to 
increase, the light period was interrupted for half an hour, then the illumination was 
continued. Upon the interruption the ethane emission decreased rapidly, and came back on re­
illumination to continue to drop at a lower rate.
CO2 result.
At the same time of the ethane measurement, the net CO2 uptake as an indicator of 
photosynthetic activity was monitored using the URAS. It was measured as the difference 
between the CO2 at the outlet flow and at the inlet flow of the cuvette. In this case, the net 
CO2 can be positive or negative, since there are two processes, i.e. photosynthesis that 
consumes CO2 and respiration that produces CO2. Figure 4.13 shows the net CO2 from 
differently treated leaves (treatment 1). All of the leaves under light showed a decrease in 
CO2 uptake. Chilled leaves in the dark showed a constant production CO2 during the 
experiment.
Visible effects.
One of the effects of a long period of chilling under light is a pigment bleaching that can be 
seen visually. Figure 4.14 shows the visual damage on treated leaves. There is a clear 
difference in the leaf condition before and after treatment under light, irrespective of the 
temperature (Figures 4.14a-d). While leaves chilled in the dark do not show damage (Figures 
4.14e and 4.14f). There are two parameters to quantify damage; one is the area of damage 
and the other is the color change of the damaged area. Most of the leaf damage covers only 
part of the whole surface. The damage is not homogeneous; it is localized. After a one-day 
treatment the bleaching area covers between 15 to 30% of the total area and becomes larger, 
up to 65% in a two days treatment. The color of the damage area changes; it can become light 
green, yellowish, dark yellow or white. The extension of the damage in time is not linear as 
shown in Figure 4.15.
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Figure 4.13: The temperature dependency of the net CO2 concentration. At 0h the leaves 
were exposed to 2oC, 10oC or 20oC under the same light intensity 500 ^mol s-1m-2. The net 
CO2 was measured as the difference between CO2 outflow of, and CO2 inflow into the sample 
cuvette (CO2 = [CO2]out -[CO2]m). The arrows indicate the time when the net CO2 uptake is 
zero. In addition, the net CO2 concentration from a dark chilled leaf is also shown. Negative 
net CO2 correspond to CO2 consumption by photosynthesis.
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Figure 4.14: Visual damage of cucumber leaves chilled under light (500 ^mol s-1m"2). a, A 
fresh leaf disc before it was chilled under light; b, The same leaf as in a after it was exposed 
to 2oC for 31 hours; c, A fresh leaf disc; d, The same leaf as in c after it was exposed to 10oC 
for 31 hours; e, A fresh leaf disc; f, The same leaf as in e after it was exposed to 2oC in the 
dark for 31 hours.
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Figure 4.15: The development of visual damage of the leaves chilled at 2oC under light 
(500 |j.mol s-1 m-2). a, at time t=0h. b. at time t=10h; c. at time t=22h; d. at time t=32h.
4.4 Discussion
The photoacoustic detector represents a new method to detect ethane. Based on absorption of 
modulated laser light by molecules, a sound wave is generated that can be detected by a 
microphone. The sensitivity of this method depends on laser light as well as the absorption 
coefficient of the molecules. To be able to detect ethane sensitively, we used an overtone CO 
laser as a light source; in its wavelength region the absorption coefficient of ethane is high. 
Furthermore, the response of this detector is fast taking about 1.5 minute per data point. By 
using a laser based photoacoustic detector, we have monitored ethane evolution from
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chilling-sensitive cucumber leaves under various chilling treatments. The method has been 
used previously to monitor ethane [Martis, 1998].
Cucumber leaves chilled for a long period under light show three phases of ethane 
evolution; first, there is no production for about 8 hours, followed by a significant increase in 
the second phase; after about 22 hours the third phase, a constant production, is observed 
(Figure 4.3). The ethane evolution could be fitted by a sigmoidal growth curve
Ay = A ------------------------
1 + e (t -  t1/2 ) / T
with y  the C2H6 release in nl g-1 h-1, t the time in hours with t=0 indicating the begin of 
treatment (see Figure 4.3); y=A for large values of t, y=A/2 at t=t1/2 , and t  is a fit parameter.
The duration of the first phase depends on the temperature as well as the light 
intensity. Under the same light intensity, for lower temperatures a shorter period of the first 
phase is found as shown by the starting time of ethane evolution (to C2H6) and the time 
needed to reach a half of this constant value (t1/2 C2H6), see Table 4.2. The parameter to C2H6 
is determined as the time when the rise of the C2H6 becomes observable. The value of t1/2 
C2H6 is taken from the sigmoidal fit to the ethane evolution. Using GC, Wise and Naylor 
found a similar result [Wise and Naylor, 1987a]. But since they only measured up to 12 h, 
they did not reach the third phase where the ethane production becomes constant. A similar 
behavior has been found for the malondialdehyde concentration in cucumber leaves [van 
Hasselt, 1974]. However, instead of a constant, van Hasselt found a maximum MDA content 
after 2 days of treatment, followed by a decrease and at the third day the amounts were back 
to the level of the first day.
Parallel to the Wise experiment, we also monitored photosynthetic activity by 
measuring net CO2 uptake by the cucumber leaves. We found that the lower the temperature 
the sooner the net CO2 uptake becomes zero (Figure 4.13). The consumption decreases 
because the light creating ROS destroys the photosynthetic apparatus. The time that CO2 
consumption is balanced by CO2 production is indicated by to CO2. Starting times of ethane 
evolution (to C2H6), time to reach a half maximum (t1/2 C2H6) and cessation of net CO2 uptake 
(to CO2) are summarized in Table 4.2 and Figure 4.16.
As a product of lipid peroxidation, the ethane emission is related to the presence of 
reactive oxygen species (ROS) [Halliwel & Gutteridge, 1989]. The amount of reactive 
oxygen species is enhanced if plants are exposed to stress [Foyer et al., 1994], e.g. at low 
temperature under high light intensity [Wise, 1995]. Indeed, several studies have shown the 
presence of reactive oxygen species in chilled cucumber leaves [Wise and Naylor, 1987b; 
Shen et al., 1999a]. The balance between production and scavenging of ROS influences the 
extent of peroxidation and the amount of the end products like ethane, and malondialdehyde 
(MDA).
During chilling under light, the total amount of reactive oxygen species can be 
expected to increase [Asada & Takahashi, 1987]. This is caused by increased production, and
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also because the activity of scavengers and other removal mechanisms become diminished at 
low temperature. Almost zero emission of ethane in the first phase could be related to 
scavengers that are still highly active during this early period of treatment. At prolonged 
exposure total reactive oxygen produced due to chilling under light exceeds scavenging; 
therefore, the ethane emission increases.
Table 4.2: Temperature dependence of to C2H6 , ti/2 C2H6, and asymptotic value of ethane 
evolution and to CO2. Starting time of ethane evolution (to C2H6) is taken from Figure 4.3 
where the rise of C2H6 becomes observable. Sigmoidal fit of ethane evolution provides the 
time needed to reach a half maximum (ti/2 C2H6) and the asymptotic value ethane evolution; to 
CO2 the cessation of CO2 uptake is taken from Figure 4.13. Presented value are the mean ±
SD comprised of n=3 replicate samples.
Temperature
(°C)
to C2H 6 
( h )
t1/2 C2H6 
(h)
Asymptotic 
Value of C2H6 
(nl/g h)
2O
) 
H 
êt(
2 8.0 ± 1.0 15.3 ± 0.7 2.5 ± 0.3 10.0 ± 3.3
10 8.5 ± 2.6 17.9 ± 1.1 1.6 ± 0.2 19.8 ± 1.8
21 12.9 ± 0.9 13* 1.4* 24.3 ± 4.3
*) single data
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Figure 4.16: Temperature dependence of starting time of ethane evolution (to C2H6) and zero net CO2 
uptake ( to CO2  )
Thus, it is clear that both the light and the chilling temperature are necessary for the 
ethane emission. There is no ethane production from a dark-chilled leaf (Figure 4.4), while 
the chilled leaf under light has a higher level of ethane production. Ethane production shows 
a direct immediate dependence on the presence of light. When the light is switched off, 
ethane immediately drops to zero, when the light is turned on again, evolution is restored to
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the same level as before. Even when the light intensity was changed gradually in several 
steps, the leaf disc produced ethane with a rate following the light intensity, according to a 
linear relationship (Figure 4.6b). A similar behavior was found in the paraquat-treated leaf 
experiment.
Similar to the light dependency experiment, temperature change affects the ethane 
production. Under the same light intensity, ethane evolution follows the increase of 
temperature (Figure 4.7a). The temperature dependence of ethane emission is depicted in 
Figure 4.7b that shows a linear relation.
Another effect of temperature change is shown in Figure 4.8; in this case, the 
temperature was changed from 2°C to 21 °C in one step, under constant light. After an initial 
overshoot, a higher post-chilling level of ethane is measured. Also in the dark an initial 
upsurge in ethane is observed. The result as depicted in Figure 4.9 shows two processes in the 
beginning of the change; first a decrease of ethane emission is observed caused by the 
switching off the light, and secondly an increase of ethane emission results from the increase 
of the temperature. The drop of ethane production following the switching off the light is 
consistent with the light dependent experiment as shown in Figure 4.5. Since no light is 
present, there is no higher post-chilling level. Even a one-hour delay between switching the 
light off and rising the temperature yields the same behavior (Figure 4.10).
This result might suggest an accumulation of ROS that slowly reacts with the 
polyunsaturated lipids at low temperature. A rapid increase of ethane production is triggered 
by the temperature increase. Before the new equilibrium is reached there occurs an overshoot 
testifying the decay of the initial accumulation. Instead of decline, however, under post- 
chilling condition a leaf under light showed a constant ethane production, which suggests an 
activation of a different route of reactive oxygen species production.
Additional damages during the post-chilling period have been reported. Returning a 
chilled maize seedling to a higher temperature in the light increases the electrolyte leakage 
and reduces the variable fluorescence ratio [Szalai et al., 1996]. Whitaker found that 
membrane damage on chilled green bell pepper occurs after rewarming [Whitaker, 1995]. 
Rewarming of chilled cucumber fruits evoked more ethane production [Kuo & Parkin, 1989]; 
while exposing chilled cucumber leaves to room temperature under light yields an increase of 
malondialdehyde [Shen et al., 1999a].
There is evidence in literature that extra reactive oxygen species are produced during 
the post chilling period. Shen et al. (1999a) found that in the leaves of chilling-sensitive 
cucumber “Suyo” the hydroxyl radical concentration increases during the warming-up period. 
In the leaves of cucumber “Sharp I”, not only the hydroxyl radical but also the hydrogen 
peroxide increases upon warming-up. A smaller increase of reactive oxygen species was 
found on the more chilling-tolerant cucumber “Jinchun No.3” . The re-warming of leaves also 
increases the activity of antioxidant enzymes such as superoxide dismutase (SOD), ascorbate 
peroxidase (APX), catalase (CAT), guaiacol peroxidase (POX), and non-enzymic radical 
scavengers such as ascorbic acid (AsA), reduced glutathione (GSH), and dehydroascorbic
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acid (DHA) [Shen et al., 1999b; Lee & Lee, 2000]. But apparently not to such an extent that 
an increase in ethane emission is prevented.
The relation of ethane emission with the presence of reactive oxygen was confirmed 
by paraquat treated leaf experiment. It is well known that paraquat can induce the production 
of reactive oxygen species in illuminated leaves. As shown in Figures 4.11 and 4.12, in the 
light paraquat-pretreated leaf produced ethane, while no ethane was detected from the same 
leaf in the dark.
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Abstract
Under submergence, plants suffer from reduced diffusion (e.g. of CO2 and O2) and 
experience low light intensity. The deprivation of oxygen causes hypoxia or even anoxia, 
which leads to the formation of reactive oxygen species (ROS) at re-exposure to air, i.e. post- 
anaerobiosis. ROS cause lipid peroxidation of the cell membranes producing ethane as one of 
the end products.
Ethane was monitored utilizing a sensitive laser-based trace gas detector that is able to detect 
ethane on-line down to part per billion (1 : 109) level. To study the damaging effect of 
submergence, two cultivars: CT6241 and FR13A, submergence intolerant and tolerant rice 
seedlings were submerged up to 3 days in the dark. To evaluate the influence of carbohydrate 
reserves the submergence was started either early in the morning (at the end of the dark 
period), or in the late afternoon (after a 7 hour light period). Ethane was detected during the 
submergence and post-submergence period. After de-submergence an initially high but 
decreasing emission of ethane could be followed on-line over a period of 2 hours. We 
observed a higher ethane emission from the intolerant cultivar (CT) as compared to the 
submergence-tolerant (FR). Irrespective of the cultivar and period of submergence, plants 
treated in the morning produced twice as much ethane as plants treated in the afternoon (the 
morning / afternoon effect). The results were compared with total anoxia experiments in 
which the seedlings were exposed to N2. After an anoxic gas phase treatment, observations of 
ethane production during the post-anoxic periods show a parallel result i.e. the intolerant 
cultivar (CT) produce more ethane than the tolerant one (FR).
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About half of the world's population consumes rice (Oryza sativa) as their main food. 
Following the increase in population, the total world rice consumption has increased by more 
than 50 million tons in 8 years, from 454 million tons in 1990 to 512 million tons in 1998 
[IRRI]. This enormous amount of consumption has been accompanied by an increase in 
production from 520 million tons in 1990 to 599 million tons in 1999. The increase in the 
total production is partly due to the enlargement of paddy field area (147 million ha in 1990 
to 155 million ha in 1998) but also to a higher average grain yield (3.5 ton per ha in 1990 to
3.8 ton per ha in 1998). There are some constraints that limit the production. This is due to 
the intrinsic character of the rice plants, to biotic hindrance and to unfavorable environmental 
conditions. Some rice genotypes are still cultivated even though their yields are low. Biotic 
hindrance such as weeds, insects and plant diseases are the main problems in rice cultivation, 
but also changes in climatic conditions such as a prolonged drought or rainy season that 
affect the survival of the plants. Clearly, research into the properties of rice and the growth 
conditions is very important and will lead to better production methods.
Rice is cultivated under four different ecological conditions: irrigated paddy fields, 
rain-fed lowland fields, upland, and deepwater [Ito et al., 1999]. Table 5.1 shows the area 
distribution over these rice field ecosystems. Non-irrigated rice fields, which cover about 
50% of the worlds rice area, have uncontrolled water supply. They suffer either from water 
deficit or from an excess of water. Due to poor drainage systems and hard tropic rain 16% of 
the worlds rice area is flooded regularly. These areas are widespread over Southeast Asia, 
Bangladesh, and Northeast India [Ito et al., 1999]. Depending on the duration and the rain 
intensity, floodwater may cover the rice plants, partially or completely, for periods up to 2 
weeks, which may cause various disadvantageous effects, ranging from a slight reduction in 
production to complete mortality. An increase of water depth inhibits the production of basal 
tillers and reduces the tiller number. Therefore, rice yields decrease with increasing water 
depth. The shoots of the plants will die whenever they are submerged completely under water 
for more than 1-2 weeks.
The effects of submergence on rice plants arise in two periods: during submergence 
and (immediately) after submergence (post-submergence). In both cases the water parameters 
like the concentration of O2 and CO2 , turbidity, pH, and salinity are very important factors 
that determine the survival probability of the rice plants [Ito et al., 1999; Ram et al., 1999; 
Ram et al., 2001].
During flooding periods, rice plants face various harmful conditions (Figure 5.1); low 
light intensity and limited gas diffusion are the main causes of subsequent detrimental 
processes. Turbid water and surface algal flocks can reduce irradiance at 40 cm depth to less 
than 1% of irradiance in air [Setter et al., 1997] which leads to a decrease of photosynthetic 
activity. As a result, oxygen concentration decreases and can even be totally depleted during
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the night. Lack of oxygen prevents aerobic respiration and leads to the occurrence of 
alcoholic fermentation.
Table 5.1: Rice field distribution over the various ecological conditions.
Data are adapted from Ito et al., 1999.
Area (million ha) Percentage (%)
Irrigated 76 53
Rainfed lowland 
30% favorable 
35% drought prone 
20% submergence prone 
15% drought & submergence prone
36 25
Upland 19 13
Deepwater 13 9
After de-submergence light intensity increases and photosynthetic activity and aerobic 
metabolism are restored [Ito et al., 1999]. The change in condition from hypoxia to a low or 
normal oxygen concentration causes injury in the de-submerged plants, which has been 
related to the disturbed balance between formation of reactive oxygen species and the free 
radical scavengers available in the tissue at that moment [Crawford et al., 1994; Van Toai and 
Bolies, 1991, Blokhina et al., 1999; Ito et al., 1999].
Mechanical
damage
During submergence
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O2: deficit (day/night); excess (day) 
CO2 : deficit (day); excess (night) 
Volatiles: excess (day and night)
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Figure 5.1: Various environmental effects on the plants during flooding (adapted from Setter, 
et al., 1997)
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Using electron spin resonance Crawford [Crawford et al., 1994] was able to detect a 
radical signal from post-anoxic rhizomes of Iris Germanica, whereas no signal was detected 
from the aerobic ones. Applying antioxidants such as ascorbic acid or glutathione could 
reduce this amount of radicals. When submerged rice seedlings (Oryza sativa L. cv. 
Yamabiko) were returned to air the protective activities of a number of enzymes (super oxide 
dismutase, ascorbate peroxidase, glutathione reductase and catalase) increased during 
adaptation to air [Ushimaru et al., 1992].
A disturbed balance between reactive oxygen species and its scavengers may cause 
damage to cell membrane lipids via the lipid peroxidation process. This chain reaction 
generates various degradation products that may be detected: malondialdehyde (MDA), 
ethylene and ethane [Halliwell and Gutteridge, 1989]. It has been shown that lipid 
peroxidation products are present in higher concentrations in submergence-intolerant (IR42) 
than in submergence-tolerant (FR13A) rice cultivars [Ito et al., 1999]. Correspondingly, the 
activities of superoxide scavengers measured after de-submergence were found to be higher 
in FR13A than in IR42.
As one of the end products of lipid peroxidation, ethane may be used as a marker of 
peroxidative damage. The aim of the present research is to investigate whether ethane 
production from two different rice cultivars (the submergence tolerant FR13A and the 
intolerant CT6241) can be correlated with the submergence survival capacity of each cultivar 
and to test whether ethane could be an independent objective parameter to determine 
submergence tolerance in a fast and sensitive way. To do so a series of experiments was 
performed on rice seedlings subject either to submergence or to anoxic conditions. 
Additionally, we varied the starting point of submergence, either at early daytime or late in 
the afternoon, to investigate the relation between energy availability and survival. Ethane was 
measured by applying an overtone CO-laser based photoacoustic detector [Martis et al., 
1998]
5.2 Materials and methods
5.2.1 Seed germ ination and seedling growth
The seeds of submergence tolerant (FR13A) and intolerant (CT6241) cultivars were supplied 
by the International Rice Research Institute, IRRI Philippines; from now on refereed to as FR 
and CT, respectively. The seed surfaces were sterilized by immersing in 1% hypochloride 
solution for 5 minutes, and then washed in running tap water. The seeds were germinated by 
putting them on the surface of wet filter papers in a Petri dish covered with aluminum foil 
and kept in an incubator at 30°C and 65% RH for 4 days. The germinated seeds were then 
grown in black lacqtene low density PE beads floating in a tray containing 2 liters nutrient 
solution according to the recipe of Yoshida (Table 5.2). The final pH of the solution was 
adjusted to 5.0. The solution was aerated with a flow of air through a perforated tube in the 
tray; it was replaced every 3 days. The plants were illuminated using Philips SON-T Agro400
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lamps, with 12/12-hour light/dark periodicity. The light period started at 10.00 a.m. and light
1 2intensity at the level of the leaves was about 500 ^mol s- m- , day/night temperature was 
26°C/21°C.
For the experiments 10 healthy seedlings (14 days old) of equal length were chosen 
from the batch; FR seedlings were 22 ± 3 cm and CT seedlings were 16 ± 3 cm long. These 
seedlings have already 3 leaves, with an average fresh weight for FR and CT of about 0.30 g 
and 0.25g, respectively.
Table 5.2: Recipe of nutrient solution for growing rice plants, used by Yoshida et al. (1976); 
conc stands for concentration.
Compound Formula Conc (mM)
Potassium dihydrogen orthophosphate KH2PO4 0.849
Dipotassium hydrogen phosphate k 2h p o 4 0.123
Ammonium Nitrate n h 4n o 3 1.428
Calcium Chloride CaCl2.2 H2O 0.754
Potassium sulphate K2SO4 0.513
Magnesium Sulphate MgSO4.7H2O 1.644
Manganese Chloride MnCl2. 4H2O 0.0095
Boric Acid H3BO3 0.01889
Copper Sulphate CuSO4.5 H2O 0.000156
Zinc Sulphate ZnSO4.7H2O 0.000152
Ammonium Molybdate (NH4)6MovO24.4H2O 7.484x10-5
Iron.EDTA Fe.EDTA 0.03575
5.2.2 Experim ental methods
5.2.2.1 Submergence tests
The rice seedlings were inserted in a long narrow glass cuvette (35cm length, 3cm diameter, 
volume: 250 ml (Figure 5.2)) which had three ports: a gas inlet and outlet port on top and a 
third port at the bottom to drain the water. We used tap water to submerge the plants 
completely, leaving only a small gas volume at the top of the cuvette. During the 
submergence period the plants were kept in the dark by covering the cuvette with aluminum 
foil. No gas exchange took place with the surroundings since all of the opening ports were 
closed. Submergence treatments were started either in the morning (10.00 a.m.) or in the 
afternoon (16.00 p.m.) with submergence periods up to 3 days. At the end of the 
submergence period the amount of ethane released from the plant was measured in two 
stages. First the ethane produced during the submergence period and accumulated in the 
water was measured by bubbling nitrogen gas through the cuvette. No oxygen was present at
84 Chapter 5
this stage to avoid any post-anoxic effect. Then the water was drained and replaced by 
nitrogen gas. Subsequently, the effect of post-submergence was measured by adding 20% 
oxygen to the nitrogen flow through the cuvette and the ethane release was monitored.
Details of the flow system are described in the section of experimental set-up.
5.2.2.2 Gas phase anoxia tests
In contrast to the submergence treatment, the rice seedlings were subjected to gas phase 
anaerobiosis conditions by flowing 1.2 l h-1 of dry nitrogen gas through the cuvette. The 
cuvette contained only 25ml of water to cover the roots. During this treatment the seedlings 
were either in the dark or in the light. The period of anoxia varied from 4 hours up to 3 days, 
starting either early in the morning (10.00 a.m.) or later in the afternoon (16.00 p.m.).
5.2.2.3 Survival and leaf damage
After each experiment the seedlings were returned to the same conditions as they were during 
growing. Survival and leaf damage were scored after 7 days of recovery. Survival of plants 
was indicated by new leaves and continued growth. Plant survival is the percentage of the 
surviving plants from the experiment (either with submergence or with anoxia). The extent of 
leaf damage is scored as the percentage of damage of the old leaves.
5.2.3 Detection of ethane
Ethane emitted by rice seedlings was measured using an overtone CO laser based 
photoacoustic detector, see chapters 2 and 3. The experimental set-up is depicted in Figure
5.2. The carrier gas flowing through the photoacoustic cell (1.5 l/h) consisted of N2 (80%) 
and O2 (20%). Since it is important for the photoacoustic detection that a carrier gas of 
constant composition is used, oxygen was mixed to the nitrogen either before or after the 
cuvette. Electronic valves allowed the oxygen to enter either at the entrance or at the exit of 
the seedling's cuvette; nitrogen always flowed through the cuvette (Figure 5.2). During 
submergence and anoxia measurements, 1.2 l/h of nitrogen was flown through the cuvette 
and oxygen was admixed to the flow at the exit of the cuvette. To expose the rice seedlings to 
normal air (during post-submergence and post-anoxic treatment) the oxygen flow was 
switched to the entrance of the cuvette, and the flow through the cuvette became 1.5 l/h.
Before entering the photoacoustic cell, the carrier gas was led through KOH and 
CaCl2 scrubbers and a liquid nitrogen-cooling trap to remove water and other 
spectroscopically interfering gases produced by the rice seedlings such as CO2, ethanol, and 
acetaldehyde. The KOH scrubber is used to remove CO2 , the CaCl2 scrubber and the cooling 
trap to remove water. The cooling trap was at 120 K to remove ethanol, acetaldehyde and 
water.
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Four laser lines were used in this experiment (Table 5.3). This set of lines gave 
optimum conditions for a fast determination of ethane concentration. The sampling time was 
short, an essential factor to follow ethane production in response to environmental change 
such as transition to post-submergence and to post-anoxia. It took about 2 minutes for 
obtaining 1 data point.
3
9.
4
8
5
6
o,
8 N,
7
Figure 5.2: Experimental set up. 1, Grating; 2, Power meter at zero order of reflection of the 
grating; 3, Photoacoustic cell; 4, Discharge tube; 5, Chopper; 6, Reflecting mirror; 7, Sample 
cuvette; 8, flow controller; 9, valve; 10, KOH to remove CO2; 11, CaCl2 to remove water 
vapor; 12, Cooling trap
Table 5.3: Selected laser lines and absorption coefficients (in cm-1 atm-1) of relevant gases 
used for measuring ethane.
Laser lines Ethane 
(cm-1 atm-1)
Pentane 
(cm-1 atm-1)
Ethylene 
(cm-1 atm-1)
22P10 0.19 0.11 0.21
24P8 9.0 0.53 0.18
24P13 5.2 3.2 1.9
25P9 9.4 7.7 0.15
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5.3 RESULTS
5.3.1 Submergence
Figure 5.3 shows the ethane emission of the submergence tolerant (FR13A) rice cultivar 
measured after a stagnant submergence period of 24 h in the dark in 230 ml water. First, the 
accumulated ethane was released from the water by bubbling with nitrogen gas. It took 4 
hours to remove most ethane from the water. When the tail of this peak came near to the 
reference level, the measurement was halted to drain the water and replace it by gaseous 
nitrogen. Then, 20% oxygen was re-introduced. The response to this environment change can 
be directly seen from an almost instantaneous release of ethane. First, the ethane emission 
increased; it reached a peak after about 20 minutes and then declined slowly to zero. This 
transient post-anoxic peak was gone after about 2 hours. A similar behavior was found for the 
intolerant cultivar (CT6241), and also when both cultivars were submerged in the afternoon 
for different periods. The results of these submergence experiments are shown in Figure 5.4 
and Figure 5.5.
time ( h )
Figure 5.3: Ethane emission from FR cultivars, submerged in the morning and in the dark. 
The reference ethane level from an empty cuvette is shown in the first 30 minutes. The first 
peak is accumulated ethane in the water after 24 hours of submergence. The second peak is 
real time production after desubmergence, when the plants are re-exposed to air
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Figure 5.5: Ethane emission from rice seedling submerged in the afternoon, in the dark. The 
left panel shows ethane production for FR, the right panel for CT cultivars in nl/g h. The 
sequence in each experiment is as in Figure 5.3; bN2, d and air see Figure 5.4.
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Figure 5.6: Total ethane production, accumulated during the submergence period. Total 
ethane production per unit fresh weight from two different cultivars, submergence tolerant 
(FR) and intolerant (CT). The plants were either submerged in the morning or in the 
afternoon.
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Figure 5.7: Integrated Ethane production during the post-submergence period. Ethane 
production per unit fresh weight from two different cultivars, submergence tolerant (FR) and 
intolerant (CT). The plants were either submerged in the morning or in the afternoon.
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Table 5.4: Total ethane production per unit fresh weight (nl/g), accumulated during the 
submergence period in the dark (see Figure 5.6) and integrated ethane production per unit 
fresh weight (nl/g), produced during a 2 hours post-submergence period in the dark (see 
Figure 5.7).
Morning-submerged for Afternoon-submerged for
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs
Submergence
period
FR (nl/g) 
CT (nl/g)
7.3±0.8
12.7±0.1
8.6±0.9
21.0±1.8
14.4±2.4
36.6±14.7
3.9±0.3
9.4±1.1
4.4±0.5
12.8±1.5
8.8±2.1
33.4±6.6
Post-subm ergen­
ce period
FR (nl/g)
CT (nl/g)
1.2±0.1
1.7±0.1
2.3±1.1
4.0±0.9
8.8±2.4 
10.6± 1.4
0.8±0.4
0.9±0.4
1.8±0.7
5.8±3.3
3.2±1.5
8.0±2.9
Table 5.5: Survival scores and percentage of leaf damage of submerged rice seedlings. 
Survival is measured by counting the re-growing plants still alive 7 days after the 
measurement. This is the percentage of the total number of plants used in the experiment. Leaf 
damage is scored as the percentage of the old leaves. For comparison, the t o t a l ethane 
release (X C2H6) is shown for both cultivar, i.e. the sum values of Table 5.4.
Morning-submerged for Afternoon-submerged for
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs
FR
Survival (%) 
Leaf damage (%) 
X C2H 6 (nl/g)
57±23
78±9
8.5
0±0
100±0
10.9
0±0
100±0
23.2
100±0
30±5
4.7
87±9
55±10
6.2
27±16
83±9
12.0
CT
Survival (%) 
Leaf damage (%) 
X C2H 6 ( nl/g)
17±17
95±5
14.4
0±0
100±0
25.0
0±0
100±0
47.2
93±8
40±5
10.3
0±0
100±0
18.6
0±0
100±0
41.4
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The total ethane productions during submergence and post submergence are shown in 
Figures 5.6 and 5.7 and in Tables 5.4 and 5.5. Along with increasing periods of submergence, 
both cultivars, FR and CT, show increasing total ethane emissions during submergence as 
well as during post-submergence. The ethane emission rate can be estimated from the 
dependence on the duration of submergence of the accumulated measured values, Figures 5.3 
■*5.5 and Table 5.4. Estimation of maximum value yields 0.3 nl g-1 h-1 and 0.5 nl g-1 h-1, for 
FR and CT, respectively.
Besides, the moment of submergence (early morning or late afternoon) affects the 
ethane production. Plants submerged in the morning emit more ethane than plants submerged 
in the afternoon. Also the post-submergence ethane production is higher for plants submerged 
in the morning. An important observation is that, irrespective of the period of submergence 
and of the starting time of submergence, the intolerant cultivar (CT) produces more ethane 
than the tolerant one (FR), in all cases.
Survival scores are presented in Table 5.5. In general, the survival decreases with the 
duration of submergence. For the same period of submergence, plants submerged in the 
afternoon survive better than plants submerged in the morning. Irrespective of the starting 
time and period of submergence, the survival rate of the tolerant cultivar (FR) is higher than 
of the intolerant one (CT). Independent of these conditions and the type of cultivar, non­
survival and 100% leaf damage are observed if the total ethane release, X C2H6, surpasses 
about 18 nl g-1, see Table 5.5.
5.3.2 Anoxia in the dark
The plants were placed under anoxic conditions by continuously flowing nitrogen gas over 
the plant under dark conditions. The measurements were carried out while the plants were in 
anoxic conditions as well as after re-exposure to normal air. A series of experiments was 
performed on the two different rice cultivars, submergence tolerant (FR13A) and intolerant 
(CT6241). Anoxia periods started in the morning (10:00 a.m.) and in the afternoon (16:00 
p.m.), like in the submergence experiments.
Under anoxia ethane was detected from neither cultivar, irrespective of the duration of 
anoxia. As soon as oxygen was restored, ethane was detected. The (post-anoxic) ethane 
production from rice plants, treated during short periods (up to 16 hours) and long periods of 
anoxia (1-3 days), either starting in the morning or in the afternoon, are depicted in Figure
5.8 and Figure 5.9, respectively.
The post-anoxic ethane production shows a peak with a very long tail. Even a constant 
production following the peak could be observed for many hours in some cases. To compare 
the behavior, the production integrated over 1.5 hours of post-anoxia is presented in Figure 
5.10. In addition, the figure also shows the survival and the percentage of leaves damaged 
during anoxia.
92 Chapter 5
A
B
3
2­
1
1
3 4
3 time ( h ) 5 6
1 i
0, f w ^ * W
I
1-------------------- -
7 8
3 time ( h ) 9 10
2­
1
i V w v » .
15 16 17 18
time ( h )
4
2
3 4
time ( h ) 5 6
4
S —
7 8 9 10
time ( h )
4
2
0-
3t
„  2- nTO 
%  1
Xo
0-O vtìiV;
-1-1
3
^  2. 
- Cro
E  1 
x"
o " 0 -
23 24 25 26
time ( h )
t Aí*1'
X
cTl 0-
72 .. . 73 74
time ( h )
•3? 2-
o a>rVr ',-Vrjy^  ;Vi
15 1 6 .. . . .  17
time ( h )
18 71 72 . . .  73 74
time ( h )
4
Figure 5.8: Ethane production rates (nl/g h) from the tolerant cultivar FR (A) and the intolerant 
cultivar CT (B) rice plants subject to anoxia in the dark, starting in the morning at time 0h. The 
black bar in the bottom of each panel represents that the plants are in anoxic conditions (nitrogen 
flow), and the light bar shows that they are in normoxic (air) conditions.
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Figure 5.9: Ethane production rates (nl/g h) from the tolerant cultivar FR (A) and the 
intolerant cultivar CT (B) rice plants subject to anoxia in the dark, starting in the afternoon at 
time 0h The black bar in the bottom of each panel represents that the plants are in anoxic 
conditions (nitrogen flow), and the light bar shows that they are in normoxic (air) conditions.
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MORNING AFTERNOON
Figure 5.10: Integrated postanoxic ethane production, survival and leaf damage from rice 
plants subject to anoxia in the dark. The panels show the result from tolerant cultivars (FR: ■) 
and intolerant cultivars (CT: •), treated under anoxic conditions in the dark starting in the 
morning (left panel) or in the afternoon (right panel). Total ethane production over 1.5 hours 
of post-anoxia (nl/g), survival (%) and leaf damage (%) are depicted in the first, second, and 
third row, respectively.
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5.3.3 Anoxia under light
To investigate the effect the presence of light on submerged plants, a second series of anoxic
experiments was performed. During the anoxic treatment and the measurement the seedlings
1 2were kept in the cuvette under 500 ^mol s" m" light. Figure 5.11 shows the ethane 
production, from the two different cultivars, tolerant (FR) and intolerant (CT), subject to 
anoxia under irradiation. The treatment was started in the morning and lasted either 8 or 24 
hours.
A result similar to that from anoxia in the dark was found in this experiment; under 
the anoxic conditions no ethane was detected, but when re"exposed to air a post"anoxic peak 
could be observed. Under light this peak was smaller than under dark conditions. The 
production rises rapidly and declines quickly thereafter, within one hour.
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Figure 5.11: Ethane production rate (nl/g h) from rice plants subject to anoxia in the light. 
The left panel is the result from the tolerant cultivar (FR), and the right panel from the 
intolerant cultivar (CT), treated under anoxic conditions in the light starting in the morning. 
Two different periods of anoxia, 8 and 24 hours, are depicted in the first and second row, 
respectively. The black bar in the bottom of each panel represents that plants are in anoxic 
conditions (nitrogen flow), and the light bar shows that they are in normoxic (air) conditions.
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5.4 Discussion
The aim of this research was to investigate whether ethane emission could be followed as an 
independent, objective parameter to assess the possible presence of lipid peroxidation in 
plants as a result of submergence stress, and to gain more insight in the nature of this type of 
stress. For this we used two different rice cultivars, the submergence tolerant FR13A and the 
intolerant CT6241. Ethane emissions were measured from 14 days old rice seedlings of these 
genotypes, under different treatments. To investigate how important is the lack of oxygen 
during submergence we compared the release of ethane during and after submergence (low 
oxygen levels, no complete anoxia) with data under gas phase nitrogen conditions (complete 
anoxia). These experiments were performed both starting in the morning or in the afternoon 
to study the importance of carbohydrate resources for anoxia tolerance. The effect of 
photosynthesis on anoxic stress was tested by measuring ethane emission from plants in 
anoxia under light.
Plants submerged in the dark under stagnant normoxic water are likely to experience 
shortage of oxygen. During the submergence period, oxygen concentrations decrease over 
time due to the plant’s consumption; there is no source of oxygen surrounding the plant and 
oxygen diffusion from the surface to the plant is very limited. In earlier experiments [Boamfa 
et al.] a fast decrease of the oxygen concentration was observed in the first two hours of 
submergence, down to 50% of its starting value; after that the concentration declines slowly 
to 5% oxygen after 24 h.
Under these hypoxic and anaerobic conditions several biochemical processes take 
places that may lead to enhanced levels of reactive oxygen species (ROS), especially when 
normal oxygen levels are restored, and consequently to membrane damage that can be 
determined by measuring ethane. It has been shown that under hypoxic conditions, ATP is 
depleted [Khan and O'Brien, 1995; Blokhina et al, 2001] and the pH of tissues decreases 
[Blokhina et al., 2001]. Both factors inactivate ROS-eliminating enzymes and deplete 
scavengers such as tocopherol and ascorbic acid. The radical scavenging system cannot cope 
with the amount of ROS generated. The same studies have shown that reactive oxygen 
species are formed already during hypoxia [Khan and O'Brien, 1995; Blokhina et al., 2001].
From the present experiments it is shown that ethane is already accumulated in the 
water during submergence; a detailed real time rate of production cannot be measured. Table
5.4 shows that there is an increase of accumulated ethane in time, indicating that ethane is 
produced over the full period of submergence and not only during the first 24 hours, when 
oxygen is still available to some amount. From the 1, 2 and 3 days submergence experiments, 
the coarse rate of ethane production can be estimated. For equal periods of submergence it is 
clear that the rate of ethane production of the intolerant genotype CT6241 is two times higher 
than of the tolerant cultivar FR13A, see Table 5.4.
The observation of ethane production during submergence seems to be in accord with 
the observation that reactive oxygen species are formed under hypoxia [Khan, 1995; 
Blokhina, 2001]. We have not found an ethane production from tolerant (FR) and from
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intolerant (CT) genotypes during anoxic gas phase experiments. However, it should be noted 
that the gas phase measurements were performed without accumulation. The estimation of 
the maximum production rate during the submergence period (0.3 nl g-1 h-1 and 0.5 nl g-1 h-1 
for FR and CT, respectively) indicates that this value would be below the detection limit of 
our measuring system, in on-line anoxia measurements without accumulation.
5.4.1 Post-submergence / post-anoxia
Similar to the post-submergence case, immediately after the anoxic treatment a burst of 
ethane is detected. Plants subject to anoxia in the dark starting in the morning show a 
maximum ethane emission after an 8 hours period of anoxia. Only very little ethane is 
observed from plants kept under anoxia for 4 hours. Treatment for much longer periods of 
anoxia does not produce more ethane in the post-anoxic phase. The survival probability and 
leaf damage support this finding (Figure 5.10). The survival drops drastically when plants 
have been under anoxia for more than 8 hours. A similar trend can be found in the percentage 
of leaf damage. Plants under anoxia for more than 8 hours have no healthy leaves and almost 
all of the leaves are completely damaged.
Following the submergence and anoxic treatments, rice plants show a clear ethane 
emission when they are re-exposed to normal air. The production of ethane depends on the 
treatment period. Maximum ethane production is reached for anoxia already after 8 h 
(starting the experiment in the morning) and 40-60 h (in the afternoon) while a post­
submergence peak is not observed up to 3 days.
Ongoing ethane release is sometime observed in gas phase (anoxia) measurement with 
a postanoxic peak value that decays to a constant elevated production rate, apparently as 
consequence of a continuing chain reaction, see Figures 5.8 and 5.9. This contrasts with the 
post-submergence emissions that result from relatively short periods of unbalance i.e. of lipid 
peroxidation.
5.4.2 Influence of m orning / afternoon s ta rt of submergence on ethane production
The starting moment of treatment (submergence or anoxia), early morning or late afternoon 
influences the observed ethane production. In case of submergence more ethane was 
measured from experiments started in the morning than in the afternoon.
Figure 5.10 shows that the maximum of post-anoxic ethane emission in the morning 
experiments is observed after 8 hours of anoxia, whereas the maximum for afternoon 
experiments is after 48 hours of anoxia. These results are reflected in the survival and leaf 
damage scores (Figure 5.10). Plants show a drop in survival between 8-16 h anoxia 
(morning) and 24-48 h anoxia (afternoon), the leaf damage percentage changes dramatically 
around these same periods.
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Flooding tolerance in rice is related to the ability of plants to maintain an energy 
supply [Setter et al., 1997; Ram et al., 1999], which is essential for survival to keep 
maintenance and growth processes. Plants submerged in the afternoon have more energy in 
store than those submerged in the morning. Therefore they are able to survive better, which in 
our case is reflected by low amounts of ethane emission (tissue damage). The improved 
resistance to anoxic gas phase conditions is also reflected by the delay of the maximum 
ethane emission.
Thus, the essential minimum supply of energy leads, if  not satisfied, to the death of 
tissue via peroxidative damage. Plants can adapt to these conditions and they can adapt better 
when more energetically exploitable substrate is available. This energy aspect seems to be of 
dominating importance.
5.4.3 Difference in ethane emission between the to lerant FR13A and the intolerant 
CT6241 cultivars
As can be seen in Figures 5.6 and 5.7 and Tables 5.4 and 5.5, both genotypes emit ethane as a 
result of submergence under dark conditions. Irrespective of the duration of submergence or 
anoxia, the intolerant genotype CT6241 emits higher levels of ethane than the tolerant 
FR13A; both during submergence, in post-submergence and in post-anoxia. This shows that 
the susceptibility to submergence is reflected in the ethane emissions measured. Harmful 
effects of submergence lead to the death of the tissue [Setter et al., 1997]. Our ethane 
measurements are in parallel with malondialdehyde measurements in Iris [Hunter et al., 1983] 
and rice [Ella et al, 2001], and with the detection of ROS [Crawford et al., 1994; Blokhina et 
al., 2001], all documenting the presence of ROS and lipid peroxidation. Thus, the ethane 
production observed in this study should be taken as an indication of the production of ROS 
in the tissue. Therefore, this evidence can be included in the mechanism toward the dead of 
tissues proposed by Setter [Setter et al., 1997], which is depicted in Figure 5.12.
The increase in ethane production during post submergence and post anoxia may be 
related to the decline of protective mechanisms during the treatment periods. Super oxide 
dismutase (SOD) is well known as one of the protective mechanisms against peroxidative 
damage. Its existence is inducible by oxygen, therefore declines during the anoxia period 
[Hunter et al., 1983]. In hepatopancreas and foot muscle, the activities of SOD and other 
anti oxidant enzymes were suppressed during anoxia period [Pannunzio and Storey, 1998]. 
Investigation of the antioxidant status in various species showed that the initial amount of 
antioxidant is higher in anoxia-tolerant Iris, as compared to intolerant Cereals. Furthermore, 
in Iris pseudacorus significant decreases of tocopherol were detected after long term of 
anoxia [Blokhina et al., 2000]. The facts that the intolerant cultivars (CT) produce more 
ethane than the tolerant ones (FR), relates to the differing formation and removal of ROS in 
both cultivars [Ito et al., 1999].
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Ethane release as test parameter o f tolerance
We consistently have observed a smaller ethane production (under submergence and anoxia 
treatments) for the tolerant cultivar. Thus, e.g. the post-anoxic ethane release may serve as 
test parameter indicating the tolerance to O2 deficit and to submergence. Here, two cautioning 
remarks are in order. First, our experiments were performed on two cultivars with different 
tolerance. To substantiate our finding, other cultivars with varying tolerance should be 
investigated. Second, all cultivars die after prolonged O2 deficit or submergence; tolerance 
refers to 50% survival and 50% leaf damage after a period of treatment that is 1.5*2 times 
longer for the tolerant cultivar, FR, than the intolerant cultivar, CT, see Figure 5.10.
Interestingly, we have observed a threshold value, X C2H6 = 18 nl/g. If this value of 
total ethane release for submergence is surpassed, the seedlings do not survive. The threshold 
value appears to be independent of the type of cultivar and their initial status (start of 
treatment in the morning or in the afternoon). This leads to the conclusion that the production 
of ROS becomes lethal above a certain limit. This limit is reached earlier for intolerant than 
tolerant cultivar.
Acetaldehyde vs. ethane measurement
Release of acetaldehyde by rice seedlings has been investigated under postanoxic and under 
submergence [Boamfa et al.]. The origin of these emissions has been attributed to an 
enzymatic reaction, where catalase formation leads to the production of acetaldehyde in the 
presence of ethanol and H2O2. There is a connection between the postanoxic acetaldehyde 
upsurge and the ethane production; both originate from ROS. This suggestion is supported by 
the similarity in the time dependence of ethane and acetaldehyde release.
Postscript
We want to emphasize our result of Table 5.4; there is already production of ethane during 
the submergence period. Actually, the major production takes place during this hypoxic 
rather than oxygen-free period. In contrast to the hitherto known facts, this new finding 
reveals that injury essentially occurs already during submergence.
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Figure 5.12: Physiological effects related to the environmental change during (post) 
submergence leading to death of tissue. The figure is adapted from (Setter, 1997 and Ito, 1999), 
an additional route is indicated with reference.
Peroxidative Ethane Production from Rice Seedlings 101
References
1. Blokhina, O.B., Chirkova, T.V., Fagerstedt, K.V. 2001. Anoxic stress leads to hydrogen 
peroxide formation and lipid peroxidation in plant cells. Journal of Exp. Botany 52: 
1179-1190.
2. Blokhina, O.B., et al. 2000. Antioxidant status o f anoxia-tolerant and - intolerant plant 
species under anoxia and reaeration. Physiologia Plantarum 109: 396-403.
3. Blokhina, O.B., Fagerstedt, K.V, Chirkova, T.V. 1999. Relationship between lipid 
peroxidation and anoxia tolerance in a range o f species during post-anoxic reaeration. 
Physiologia Plantarum 105: 625-632.
4. Boamfa, E.I., Ram, P.C., Jackson, M.B., Reuss, J., Harren, F.J.M., Dynamic aspects o f 
alcoholic fermentation o f rice seedlings in response to anoxia and to complete 
submergence. Submitted.
5. Crawford, R.M.M., Walton, J.C., Ratzer, B.W. 1994. Similarities between post-ischaemic 
injury to animal tissues and post-anoxic injury in plants. Proceedings of the Royal 
Society of Edinburgh 102B: 325-332.
6. Ella, E.S., Kawano, N., Ito, O., Ismail, A.M. 2001. Role o f active oxygen-scavenging 
system in submergence tolerance in rice. Poster 7th conference of the International 
Society for Plant Anaerobiosis. Nijmegen.
7. Halliwel, B., Gutteridge, J.M.C. 1989. Free radicals in Biology and Medicine, Clarendon 
Press. Oxford.
8. Hunter, M.I.S., Hetherington, A.M., Crawford, R.M.M. 1983. Lipid peroxidation a factor 
in anoxia intolerance in Iris species. Phytochemistry 22: 1145-1147.
9. IRRI, http://www.irri.org/
10. Ito, H., Ella, N., Kawano, N. 1999. Physiological basis o f submergence tolerance in 
rainfed lowland rice ecosystem. Field Crops Research 64: 75-90.
11. Khan, S., O’Brien, P.J. 1985. Modulating hypoxia-induced hepaocyte injury by affecting 
intracellular redox state. Biochimica et Biophysica Acta 1269:153-161.
12. Martis, A.A.E., Buscher, S., Kuhnemann, F., Urban, W. 1998. Simultaneous ethane and 
ethylene detection using a CO-overtone laser photoacoustic spectrometer: a new tool for 
stress /  damage studies in plant physiology. Instr. Science Techn. 26(2&3): 177-187.
13. Pannunzio, T.M., Storey, K.B. 1998. Antioxidant defenses and lipid peroxidation during 
anoxia stress and aerobic recovery in the marine gastropod Littorina littorea. Journal of 
Experimental Marine Biology and Ecology 221: 277-292.
14. Ram, P.C., Singh, A.K., Singh, B.B., Singh, V.K., Singh, H.P., Setter, T.L., Singh, V.P., 
Singh, R.K. 1999. Environmental characterization o f floodwater in eastern India: 
relevance to submergence tolerance o f lowland rice. Exp. Agric. 35: 141-152.
15. Ram, P.C., Singh, B.B., Singh, A.K., Ram, P., Singh, P.N., Singh, H.P., Boamfa, I., 
Harren, F., Santosa, E., Jackson, M.B., Setter, T.L., Reuss, J., Wade, L.J., Singh, V.P., 
Singh, R.K. 2001. Physiological basis o f submergence tolerance in rainfed lowland rice:
102 Chapter 5
prospects for germ plasm improvement through marker aided breeding. Field Crops 
research 66.
16. Setter, T.L., Ellis, M., Laureles, E.V., Ella, E.S., Senadhira, D, Mishra, S.B., Sarkarung, 
S., Datta, S. 1997. Physiology and genetics o f submergence tolerance in rice. Annals of 
Botany 79 (supplement): 67-77.
17. Ushimaru, T., Shibasaka, M., Tsuji, H. 1992. Development o f the O2- -detoxification 
system during adaptation to air o f submerged rice seedlings. Plant Cell Physiol. 33(8): 
1065-1071.
18. Ushimaru, T., Shibasaka, M., Tsuji, H. 1994. Resistance to oxidative injury in submerged 
rice seedlings after exposure to air. Plant Cell Physiol. 35(2): 211-218.
19. VanToai, T.T., Bolies, C.S. 1991. Postanoxic injury in soybean (Glycine max) seedlings. 
Plant Physiol. 97: 588-592.
20. Yoshida,S., Forno, D., Cock, J. 1976. Laboratory manual for physiological studies of rice,
3 edn, International Rice Research Institute. Manila.
Chapter 6
Ethane Production from Aged Seeds
I.E. Santosa1, J.D. Klein2, L.J.J. Laarhoven1, F.J.M Harren1
1Dept.of Molecular and Laser Physics, University of Nijmegen. 
Toernooiveld 1, Postbus 9010, 6500 GL Nijmegen
The Volcani Center, Division of Field Crops 
P.O. Box 6, Bet Dagan 50250, Israel.
Abstract
During long storage periods, seeds deteriorate that as evidenced by a reduction in 
germinability. For research purposes, the aging process can be accelerated by an artificial 
treatment, e.g. storage in a high temperature, high humidity environment. Previous 
investigations suggested that lipid peroxidation participates in the process of seed aging. To 
study the mechanisms of aging, we measured ethane, an end product of lipid peroxidation 
released by artificially aged onion seeds. The onion seeds were stored at 40oC and 70% RH, 
for different periods. During the first hours of imbibition, ethane was accumulated and then 
measured by an overtone CO-laser based photoacoustic detector. Following an aging 
treatment, the ethane production was found to decline. This observation runs parallel to the 
germination score of seeds that decreases upon the aging treatment. In addition, the ethane 
production is influenced by the year of harvest and initial germinability of the seeds used in 
this experiment.
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Seed quality is an important factor that affects the production of crop. Two parameters are 
used to describe the quality of seeds: viability, which is the percentage of seeds that are able 
to germinate, and vigor, the capability of the germinated seeds to actually grow.
Usually, seeds are stored for a certain period before planting in the next season’s crop. 
The conditions under which the seeds are stored are very important. For long-term 
conservation, the International Board for Plant Genetic Resources recommends that seeds 
should be stored at moisture content between 3 and 7% [Vertucci and Roos, 1990] and. at low 
temperature [Ellis and Roberts, 1998]. Recently, Zheng et al. (1998) found that under 
ambient temperatures, ultra-dried conditions (less than 5% moisture content) can also 
increase the survival period of seeds.
Table 6.1. Longevity of vegetable seeds. P50 is defined as the storage period, in years, after 
which 50% of stored seeds still germinate. Data are adapted from Roos and Davidson (1992).
All the data are an average of 3 to 6 cultivars within each species.
6.1 Introduction
Species P50 (year) year of harvest Germination 
In 1963 (%)
germination 
in 1991 (%)
Pea 130 1941 82 75
Okra 125 1944 84 66
Tomato 124 1933 93 76
Corn 65 1944 90 69
Muskmelon 61 1937 85 54
Swiss chard 58 1945 82 66
Eggplant 54 1939 72 35
Beans 46 1945 72 36
Cucumber 45 1939 76 46
Beet 43 1939 73 30
Watermelon 43 1934 83 32
Spinach 37 1947 72 38
Carrot 35 1946 66 32
Onion 29 1943 75 25
Pepper 27 1944 74 16
During the storage period both viability and vigor decline. To quantify how fast the 
seeds decrease in viability, another parameter is introduced: longevity. This parameter 
represents the half-viability period (P50), defined as the storage period after which 50% of 
stored seeds still germinate.
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Table 6.1 shows the longevity of several species, which are investigated in the 
National Seed Storage Laboratory in Fort Collins, CO [Roos and Davidson, 1992]. The seeds 
were harvested around 1940. Before 1962 the seeds were stored at low temperature and low 
seed moisture, but the conditions were not well specified. Between 1962 and 1971, the seeds 
were stored at 5°C and lower than 40% relative humidity; after 1977 seeds were stored in 
sealed moisture-proof bags at -18°C. Under these varying conditions, the P50 was determined 
from germination data in 1963 and 1991. For each species the values in the table are averages 
of 3 to 6 cultivars.
Research into the mechanisms of seed aging obviously is very important. But, as 
Table 6.1 shows, natural aging can be very slow. Therefore, a number of methods have been 
devised to increase the rate of aging. Artificial aging can be achieved in days, or even 
minutes. Generally, the rate of physiological aging increases with an increase of moisture 
content and temperature [Harman and Mattick, 1976]. Therefore, to accelerate aging the 
seeds are stored at high temperature and high humidity e.g. 40°C and 74% RH for cucumber 
and onion [Salama and Pearce, 1993]; 30°C and 92% RH for pea [Harman and Mattick, 
1976]; 38°C and 90% RH for peanut [Pearce and Samad, 1980]. Pukacka and Kuiper (1988) 
used high-water content (10, 20 and 30%) in Norway maple seeds to evaluate artificial aging.
Seeds that were stored for a long periods (Table 6.1) deteriorate, which is reflected by 
a reduction in germinability. Various investigations have been conducted to reveal this 
process of seed aging. Several authors have attributed decrease in germinability to membrane 
deterioration, which may be caused by lipid peroxidation [Harman and Mattick, 1976; 
Stewart and Bewley, 1980; Wilson and McDonald, 1986]. Although in the 1970s this 
suggestion was debated [Priestley and Leopold, 1979], recently more evidence has proven 
that lipid peroxidation is associated with (accelerated) aging [Stewart and Bewley, 1980; 
Pukacka and Kuiper, 1988; Gidrol et al., 1989; Sung and Jeng 1994; Sung and Chiu, 1995].
Wilson and McDonald (1986) discussed five methods to demonstrate the relation 
between the deterioration of seeds and lipid peroxidation: monitoring lipid loss, direct 
detection of free radicals, detection of hydroperoxides, detection of secondary products, and 
exogenous modulation for peroxidation. Also membrane leakage, caused by the damaging 
effect of lipid peroxidation, has been used to study the role of lipid peroxidation in seed aging 
[Stewart and Bewley, 1980].
During seed aging, a decrease in the amount of unsaturated fatty acids has been 
detected. Harman and Mattick (1976) reported results on accelerated aging (30°C and 92% 
RH, ten weeks) of pea seeds. They did not detect changes in the saturated fatty acids; but 
found decreases in linolenic and linoleic acid, and the changes in the first were more 
pronounced than in the latter. In parallel, a reduction in germinability was observed. A 
similar result was obtained with cucumber and onion seeds subjected to 40°C/74%RH 
[Salama and Pearce, 1993]. After 5 years of storage at room temperature, soybean seed axes 
showed a decrease in phospolipid content (11.6 to 5.8 ^mol g-1) [Senaratna et al., 1988]. In 
soybean, linolenic and linoleic acid content decreased with the aging period, from 57% of the 
total fatty acids in unaged seeds to 34% in 7-day aged seed for linoleic acid, and from 19% to
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6% for linolenic acid, respectively [Stewart and Bewley, 1980]. A similar trend was found in 
seeds of Norway maple. Among fatty acids in the phospholipid and glycolypids, the greatest 
decrease was detected in linoleic acid [Pukacka and Kuiper, 1988].
Stewart and Bewley found that the percentage of electrolyte leakage in soybean seeds, 
stored at a high temperature and high humidity conditions, increases with the period of aging. 
Concurrently, the percentage of germination drops drastically to even no germination at all 
after two days of aging. On the other hand, aging under low humidity did not affect the 
electrolyte leakage and germination percentage [Stewart and Bewley, 1980]. Senaratna et al., 
have observed an increase in electrolyte leakage in imbibed soybean seeds following aging 
for 5 years at room temperature. This increase (97 to 238 ^mhos h-1) is accompanied with a 
decrease in the germination rate (93 to 16%) [Senaratna et al., 1988].
Conjugated dienes as intermediate products of lipid peroxidation have been observed 
in accelerated aging of cucumber and onion seeds [Salama and Pearce, 1993]. The authors 
observed much more conjugated dienes produced by onion than by cucumber along a rapid 
aging treatment. Gidrol et al. found a significant increase (10 fold) in conjugated dienes 
content in sunflower seeds aged for 8 days [Gidrol et al., 1989;]
Also malondialdehyde (MDA), another indicator for lipid peroxidation [Halliwel and 
Gutteridge, 1989], has been detected after accelerated aging of seeds. During high humidity 
aging up to 4 days, more malondialdehyde was measured during the first few hours of 
imbibition. More than 4 days of aging produced less malondialdehyde [Stewart and Bewley, 
1980]. Seeds aged under low humidity have a similar pattern of malondialdehyde as unaged 
seeds. There is no malondialdehyde in the first hour of imbibition; then its level rises and 
reaches a maximum after 3.5 h of imbibition, followed again by a decrease in content 
[Stewart and Bewley, 1980]. Sung and Chiu (1995) found an increase of malondialdehyde in 
unimbibed soybean seeds with increasing storage period. The MDA levels depend on the 
storage temperature; 5°C-stored seeds showed lower MDA levels than 25°C-stored seeds.
These observations show that at least oxidation of unsaturated fatty acids is strongly 
related to loss in seed viability. In general, lipid peroxidation will produce various volatile 
end product like ethylene, ethane, and pentane [Halliwel and Gutteridge, 1989]. Therefore, it 
can be expected that these volatiles can also be observed from aging seeds. Volatiles emitted 
by seeds during imbibition have been observed earlier from pea seeds [Martis et al., 1998]. 
Using an overtone CO laser based photoacoustic detector the author measured emission of 
ethane and pentane after 2 hours of imbibition.
The aim of the current study is to evaluate the effect of artificial aging on ethane 
emission from a variety of seeds. To achieve this goal, we used an overtone CO laser based 
photoacoustic detector to measure ethane released mainly by onion seeds that have been aged 
under high temperature and high humidity (40°C and 70% RH). The method we apply is a 
non-destructive technique that allows us to measure on the same seed samples at several 
times. The photoacoustic technique is very sensitive down to ppb level and permits 
measurement with time resolution of 60 s.
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6.2 Materials and Methods
6.2.1 M aterials
Various seeds of different harvest years were used in the experiments: onion (Summit 2000, 
1999, 1997, 1996), tomato, corn, cotton and chickpea. Portion of the seeds was obtained from 
Bejo Zaden B.V. Warmenhuizen in the Netherlands; the remaining seeds were brought from 
Israel by Dr J. D. Klein. Two batches of onion seeds were primed by the seed company from 
which they were obtained; the precise priming method is not known.
6.2.2 Aging treatm ent, w ater uptake and germ ination test
6.2.2.1 “Dry” gas phase aging
Seeds in Petri dishes were in an incubator (Sanyo Versatile Environmental Test 
Chamber, MLR-350H) maintained at high temperature (40oC) and 70% relative humidity. 
Treatment periods varied between 12 hours and 4 days. The water uptake was measured as 
the difference in seed mass after and before the treatment.
6.2.2.2 Warm water aging
Seeds of onion, chickpea, wheat, cotton and corn were aged by immersing them in 
warm (60oC) water for 10 minutes (chickpea, wheat, cotton, corn) or 2, 5, or 10 minutes 
(onion). For control purposes another batch of seeds was immersed in water at 20oC for the 
same period. Immediately after the treatment, the seeds were dried using a paper towel, and 
then measured.
6.2.2.3 Water uptake
Before and after the “dry” gas phase aging treatment, the seeds were weighed in order 
to determine the water uptake during the treatment.
6.2.2.4 Germination test
Total percentages of germinated seeds were determined from three samples; each 
containing 50 seeds. The seeds were placed on wet filter paper in Petri dishes and kept at 
28oC over a period of 6 days.
6.2.3 Ethane M easurem ent
Ethane released by the seeds exposed to different treatments was measured using an overtone 
CO laser based photoacoustic detector. This technique has been applied previously (chapters
4 and 5). Ethane production was measured by accumulating the release from approximately 
one gram of seeds in a 20 ml capped vial for different periods of time. Basically, two 
different conditions were used for the ethane determinations: dry and wet.
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Dry, un-imbibed aged seeds were investigated by putting them directly into a vial. 
After capping, but before accumulation, the vial was flushed with hydrocarbon-free air. After 
the desired period of accumulation the ethane produced was measured by flushing air through 
the vial to the photoacoustic detector, at a rate of 1.0 l/h. Accumulation times varied between
1.4 and 26 hours.
9 10
Figure 6.1: Experimental set-up of a stop-flow measurement. 1. End mirror; 2 Chopper; 3. 
Discharge tube; 4 Photoacoustic cell; 5 Powermeter; 6. Grating; 7. Catalyst to remove 
hydrocarbon; 8. Mass flowmeter; 9. Electronic valves; 10. Seed sample; 11. Scrubber: KOH 
to remove CO2 and CaCl2 to remove water; 12 Cooling trap to remove water and unwanted 
interfering gases.
For wet or imbibed measurements, seeds were placed on a piece of filter paper inside 
a 20 ml vial. After the vial had been flushed with hydrocarbon-free air, a specified amount of 
demi water was injected into the vial. By this treatment, seeds become imbibe and would 
eventually germinate. The ethane determination was achieved in the same way as for the dry 
seeds.
To follow the ethane production more closely over some time, a stop-flow experiment 
was devised; 5 vials were measured sequentially. By using electronic valves, only one vial 
was flushed at one time while there was no flow through the unmeasured vials. Each vial 
accumulated for 1.4 hours at a time. Details of this set-up are presented in Figure 6.1. The 
overtone CO laser based photoacoustic detector was used to measured ethane. Due to the 
small volume and small amounts of ethane accumulated in the vial, a fast measurement is 
required. Therefore, only two laser lines (22P10 and 25P9) were used. It takes 50 seconds to 
get one data point.
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6.3 Results
Explorative measurements have been performed on a variety of seeds: onion, tomato, and 
chickpea. Several treatments and measuring methods were used at this stage as shown in the 
appendix. Figure 6.2 shows the ethane production from dry onion seeds (variety Summit) of 
two different harvest years (2000 and 1997). In both cases ethane was accumulated for 15 
hours under dry conditions. Depending on the age and variety, onion seeds produce ethane 
(per hour of accumulation) in the range of 0.0002 nl/g to 0.02 nl/g, while tomato and 
chickpea produce in the order of 0.04 and 0.01 nl/g, respectively. Compared to the dry 
measurements, wet - imbibed - measurements of onion seeds show a much higher ethane 
production: in the order of 0.4 nl/g (see Table A1 in appendix, and also compare Figure 6.2 
and Figure 6.3 taking into account the about 10 times longer accumulation time applied for 
the result of Figure 6.2).
6.3.1 Dry gas phase artificial aging
A "dry" aging treatment was applied by placing the seeds in an incubator at 40°C and 70% 
RH for 12 hours to 4 days. The subsequent ethane measurements were carried out under 
imbibing conditions; the seeds were placed on a moist filter paper in a vial and measured 
using the stop-flow method. A typical measurement result is depicted in Figure 6.3 that 
shows a series of ethane accumulations, each for 1.6 hours, displaying the course of ethane 
evolution for the first 10 hours after the start of imbibition. Immediately after the start of 
imbibition the ethane production is highest and then declines gradually. Integrated peaks 
from Figure 6.3, per unit fresh weight and per hour (nl/gfw h) are presented in Figure 6.4. 
Each value is an average of two samples of Onion seeds harvested in 1999. During this 
period of 10 hours, no sign of actual germination was observed.
This experiment was done with several series of onion seeds: of different harvest year 
and initial germination rate. In Figure 6.5 and Table 6.2 the results are presented as the ratio 
of total ethane production during the first 1.6 hours after imbibition of aged to non-aged 
seeds. Onions of different harvesting years and different initial germination rate (1997-83%, 
1999-98%, 2000-87% and 2000-94%) exhibit a similar behavior. The ratio decreases with 
longer aging periods. This result shows that during imbibition artificially aged seeds produce 
less ethane than the non-aged seeds.
In separate experiments the germination ratios of these seeds were tested. The 
germination rate decreases with the period of the dry aging treatment (Figure 6.6 and Table 
6.2). The highest drop of germination rate is found in onion 1997: from 69% for non-aged 
seed to 40% for 96 hours aged seed. The water uptake by artificially dry aged seeds is higher 
for longer periods of treatment (Figure 6.7 and Table 6.2). All onions show a clear mass 
increase (3.0%) during 12 hours of treatment; from 12 to 96 of treatment the water 
absorption more or less stays constant see Table 6.2.
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Figure 6.2: Ethane accumulated from dry onion seeds of two different harvest years. The 
accumulation period is 15 hours. The peak widths are the result of the instrumental response 
time.
time after imbibition ( h )
Figure 6.3: The accumulated ethane produced by onion seeds during the imbibition period 
that started at 0h. Ethane was accumulated for 1.6 hours before it was measured. The 
measurement was repeated sequentially. Each peak represents a result for a single 
consecutive accumulation period. The peak widths are the result of the instrumental response 
time.
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Figure 6.4: Rate of ethane production (integrated peaks of Figure 6.3, per hour of 
accumulation) during an imbibition period starting at 0h. Values presented are the mean ±SE 
(n=2).
Table 6.2: Effect of “dry” aging treatment (40°C, 70% RH) on the ratio of ethane production 
of aged to un-aged onion seeds, the germination rate and the increase of seed mass by water 
uptake. The first column shows the harvest year, the initial germination, and the ethane 
produced by the un-aged seeds (in the bracket with *). Initial mass of the seeds was about 0.7 
g. Germination was counted 6 days after imbibition. Presented values are the mean ± SE 
(n=3).
Seeds Treatment Ratio ethane Germination Increase of
period (hour) production rate (%) mass (%)
Onion 1997, 83% 0 1 65 ± 3 0
(1.24 ± 0.11) nl/g* 12 0.71 ± 0.02 54 ± 6 3.7 ± 0.3
36 0.40 ± 0.06 52 ± 5 4.2 ± 0.3
60 0.49 ± 0.09 52 ± 4 3.6 ± 0.3
96 0.13 ± 0.04 34 ± 4 4.5 ± 0.3
Onion 1999, 98% 0 1 94 ± 1 0
(0.85 ± 0.09) nl/g* 12 0.85 ± 0.03 93 ± 4 3.6 ± 0.3
36 0.83 ± 0.09 93 ± 2 3.4 ± 0.3
60 0.69 ± 0.10 89 ± 2 4.0 ± 0.3
96 0.29 ± 0.05 90 ± 2 4.8 ± 0.3
Onion 2000, 87% 0 1 91 ± 2 0
(1.09 ± 0.12) nl/g* 12 0.75 ± 0.06 89 ± 3 3.1 ± 0.3
36 0.70 ± 0.02 90 ± 1 4.0 ± 0.3
60 0.45 ± 0.06 90 ± 2 4.5 ± 0.3
Onion 2000, 94% 0 1 98 ± 1 0
(0.84 ± 0.09) nl/g* 12 0.69 ± 0.06 97 ± 2 3.2 ± 0.3
36 0.61 ± 0.07 94 ± 1 4.8 ± 0.3
60 0.87 ± 0.10 96 ± 1 4.3 ± 0.3
96 0.44 ± 0.09 96 ± 1 5.2 ± 0.3
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Figure 6.5: The ratio of total ethane production of aged to non-aged onion seeds. The onion 
seeds harvested in 1997, 1999 and 2000 with initial germination rate shown in the bracket 
were dry-aged in the incubator at 40°C and 70% RH. Ethane was produced during imbibition 
period and accumulated for 1.6 hours. Presented values are the mean ± SE (n=3).
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Figure 6.6: Effect of duration of dry aging treatment (40°C, 70% RH) on the germination 
rate of onion seeds. The germination is the percentage of the number of germinated seeds to 
the total number of seeds. Germination was counted 6 days after imbibition. Presented values 
are the mean ± SE (n=3).
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Figure 6.7: Water uptake of onion seeds during dry aging treatment (40°C, 70% RH). The 
values represent the mass difference after and before the treatment. Initial mass of the seeds 
was about 0.7 g. Presented values are the mean ± SE (n=3).
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6.3.2 Glutathione treatm ent
Glutathione is a natural radical scavenger. Therefore, if  seed aging is a direct consequence of 
lipid peroxidation, glutathione should decrease the aging effects. The effect of incubating 
chickpea seeds in 5mM glutathione solution for 2 hours before undergoing an aging treatment 
is shown in Figure 6.8 and Table 6.3. The seeds treated with glutathione produce less ethane 
than non-treated seeds. This result was observed both in non-aged seeds and in warm-water- 
aged seeds.
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Figure 6.8: Effect of glutathione on the ethane production of chickpea seeds. The left panel 
shows ethane production from non-aged chickpea seeds, the right panel is the result from 
aged (60°C water, 10 minutes) chickpea seeds; seeds are either pretreated with glutathione 
(G) or not (NG). In both panels ethane is accumulated for 16 hours. The aged seeds produce 
much more ethane than non-aged, see the difference in the vertical scale.
Table 6.3: Total ethane production (nl/gfw) from non-treated and glutathione treated 
chickpea seed. Ethane is accumulated for 16 hours. These numbers shown are the integrated 
values plots in Figure 6.8.
Aging treatment Glutathione Ratio
(treated / non-treated)non-treated treated
no 0.1634 0.0906 0.55
60°C water, 10 minutes 1.9155 1.2306 0.64
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6.3.3 Prim ing effect.
Seeds are sometimes primed by a seed company to improve germinability. The effect of 
priming on ethane production has been tested with onion (Summit) seeds of different 
harvesting years (2000 and 1997); the seeds were dry-aged (40°C and 70% RH for 4 days) or 
non-aged. The results (Figure 6.9) show no significant difference in ethane production 
between primed and non-primed seeds. An exception was found in non-aged summit 2000 
where the primed seeds produce less ethane than the non-primed seeds. The effect of the 
aging treatment on both primed and non-primed seeds yielded a decrease in ethane 
production, see Figure 6.9, histogram with asterisk.
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Figure 6.9: Effect of priming on the ethane production. Ethane produced by Summit onion 
harvested in 2000 and 1997. The seeds with (*) were aged at 40°C and 70%RH for 4 days. 
During the first five hours of imbibition ethane was accumulated and measured three times, 
each for 1.6 hours of accumulation period. Presented values are the mean of the 
measurements ± SE (n=3).
6.4. Discussion
Deterioration of seeds during the storage period is attributed to lipid peroxidation [Stewart 
and Bewley, 1980; Pukacka and Kuiper, 1988; Gidrol et al., 1989; Sung and Jeng 1994; Sung 
and Chiu, 1995] and should be accompanied by the emission of volatile gases like ethane 
[Halliwel and Gutteridge, 1989]. Using a sensitive detector based on the overtone CO laser 
photoacoustic detection, ethane emission from various seeds was measured in this study.
Table A1 shows that old seed of onion, tomato and chickpea produce less ethane than 
young seeds. This behavior is found for onion seeds exposed to artificial wet-aged (warm
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water treatment) or dry-aged (gas phase at high temperature-high humidity treatment). For 
both treatments emission of ethane decreases with the period of treatment. These results 
suggest that a longer treatment yields an "older" seed. Such relation might be useful in the 
study of artificial aging and to determine the artificial age. However, the present results could 
not be used to "calibrate" the period of treatment to the artificial age due to the lack of 
naturally aged samples. The calibration might be made whenever ethane production from a 
series of non-artificial aged seeds is available.
Under dry conditions seeds produce very little ethane. When placed on moist paper, 
they produce much more ethane. An accumulation over 15 hours on onion Summit seeds 
harvested in year 2000 shows a 25 fold increase i.e. from 0.018 nl / g hacc (dry measurement) 
to 0.46 nl / g hacc (wet measurement); abbreviation hacc stands for hour of accumulation. 
During the same period onion Summit seeds harvested in 1997 show a 100 fold increase from 
0.0024 nl / g hacc to 0.24 nl / g hacc (see appendix, Table A1). The results are consistent with 
findings concerning other volatiles released during imbibition (and germination); ethanol and 
acetaldehyde [Gorecki et al., 1985], ethane and pentane [Martis et al., 1998]. Therefore, to 
study more easily and systematically the effect of “dry” artificial aging on the ethane 
production, all measurements were performed under wet conditions; the seeds were allowed 
to imbibe and finally germinate (Figures 6.3-6.5 and Table 6.2). For this study the 
accumulation period was relatively short, about 1.5 hours.
Artificial dry aging at high temperature-high humidity, 40°C, 70%RH, reduces the 
ethane emission (Figure 6.5 and Table 6.2) from onion seeds. Among all samples, the oldest 
seeds with the lowest germinability (onion 1997, 83% germinability) show the largest 
decrease in ethane emission upon the aging, while the youngest seeds with high germinability 
(onion 2000, 94% germinability) yield the lowest decrease. Young seeds with low 
germinability (onion 2000, 87% germinability) have similar behavior as older seed with 
higher germinability (onion 1999, 98% germinability). The germination test provides a 
parallel result; onion 1997 with 83% germinability shows the highest drop in the germination 
(Figure 6.6 and Table 6.2). Less effect of this aging treatment on the germination is observed 
in the seeds with a high initial germination rate (96% on onion 1999, 94% on onion 2000).
The decrease of ratio of ethane production runs parallel to the decrease of the 
germination (Figure 6.10). For onion 1997 (83% initial germination) a decrease of 0.57 
(from 0.71 to 0.14) of the ratio in ethane production corresponds to a decrease of 20% (from 
60% to 40%) in the germination; for onion 1999 (98%) a decrease of 0.6 corresponds to a 
decrease of only 2% in the germination. There is no general correlation between ethane 
production and the germination rate. As shown in Figure 6.11, the oldest and less viable seeds 
follow a much lower germination vs. C2H6 ratio curve; note the break in the vertical scale. 
The C2H6 ratio indicates the duration of aging treatment. On the other hand, the youngest and 
very viable seeds not only show a much higher germination rate of about 96%; there is hardly 
any influence of the duration of the aging treatment. Clearly, natural seed age and seed 
viability must be taken into account if  one wants to define a general relation between 
artificial aging and germination rate of onions.
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Figure 6.10: Ratio of ethane production: aged to non-aged (■) and percentage germination 
(o) of onion seeds at different times during aging at 40°C and 70% RH.
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Figure 6.11: Relation of ratio of ethane production (aged at 40°C and 70% RH to non-aged) 
and germination rate of onion seeds. The lines are drawn as guide lines.
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Figure 6.12: Ratio of ethane production: aged to non-aged (■) and increase of mass (o) of 
onion seeds at different times during aging at 40°C and 70% RH.
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The water uptake in the seeds increases with the period of treatment, as indicated by 
the increase of mass (Figure 6.7 and Table 6.2). In the first 12 hours water uptake increases 
significantly, followed by a much lower increase rate. The effect of the increased water 
content in seed parallels a decrease of ethane production as well as of the germination 
probability (Table 6.2). This evidence of "the higher the seed moisture content, the lower the 
ethane production", (Figure 6.12), indicates an important relation between water uptake and 
membrane deterioration [Stewart and Bewley, 1980; Petruzzelli and Taranto, 1984; Sivritepe 
and Dourado, 1995].
The ethane production signals a peroxidation rate; therefore, it is related to the amount 
of unsaturated fatty acids, of free radicals present and to the activity of scavengers and 
antioxidants in the seeds. The decrease of ethane emission upon (artificial) aging observed in 
this study is in agreement with the decrease in the unsaturated fatty acids found by several 
authors. Loss of unsaturated fatty acids has been measured on aging seeds of pea [Harman 
and Mattick, 1976], soybean [Stewart and Bewley, 1980; Senaratna, et al., 1988], Norway 
maple [Pukacka and Kuiper, 1988; Pukacka, 1991], cucumber and onion [Salama and Pearce,
1993]. Linolenic acid, the substrate that produces ethane during lipid peroxidation process 
[Halliwel and Gutteridge, 1989], decreases significantly upon aging. Natural aging (-3°C, 
10% water content) over 7 years of Norway maple seeds reduces linolenic acids by 2.6 (3.1 to
0.5) ^mol g-1lipid [Pukacka, 1991]. In soybean, the linolenic acid content decreases with the 
aging period, from 19% of the total fatty acids in unaged seeds to 6% in 6-day aged (high 
humidity at 45°C) seed [Stewart and Bewley, 1980].
Lipid peroxidation can be reduced by applying an external antioxidant. Chickpea 
seeds treated with an antioxidant like glutathione show a lower production of ethane as 
shown in Figure 6.8 and Table 6.3. The decrease in ethane emission due to aging cannot be 
related generally to the natural preventing mechanism in seeds. Some studies have shown that 
the preventing mechanism decreases with the age. Total lipid-soluble antioxidant (expressed 
as ^g a-tocopherol per mg lipid) decreases from 33 to 7 in Norway maple seeds under 5 
years naturally aging at -3°C, 10% water content [Pukacka, 1991]. Upon a storage period of 5 
years at room temperature of soybean seeds, Senaratna et al. (1988) found a decrease in 
antioxidant capacity expressed as a-tocopherol equivalent (56 to 2 mg (g lipid)-1). During 12 
months of naturally aging period at 25°C and 8% moisture on soybean seeds, catalase and 
SOD decrease with increasing duration of aging [Sung and Chiu, 1995].
Aged seeds were found to contain a higher amount of radicals. Buchvarov and 
Gantcheff (1984) detected higher radical content for seeds stored at room temperature and for 
accelerated aged seeds (at 40°C and 95% RH) of soybean, than for seeds stored at 4°C. In 
soybean superoxide and hydrogen peroxide were found to increase with the period of aging 
(at 42°C and 100% RH) [Gidrol et al., 1994]. Such a high radical content in the old seeds 
leads to more peroxidation, and thus form a contradiction with our results on ethane.
The decrease in ethane emission observed in this study should be compared with other 
products of lipid peroxidation, like conjugated dienes [Gidrol et al., 1989] and 
malondialdehyde [Stewart and Bewley, 1980; Sung and Chiu, 1995]. Conjugated dienes are
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an intermediate product of lipid peroxidation [Halliwel and Gutteridge, 1989]; although it is 
not a very sensitive marker, these compounds are indicative for extent of lipid peroxidation. 
Gidrol et al. (1989) found a 10 fold increase in conjugated dienes content of sunflower seeds 
that were aged for 8 days at 45°C and 100% RH, from 7.1±4.7 ^g seed-1 to 75±32 ^g seed-1. 
A very small (90 nmol g-1 d-1) increase of conjugated dienes was measured in cucumber seeds 
aged for 21 days at 45°C and 74%RH; a much higher increase (1500 nmol g-1 d-1) was found 
in onion seeds under the same aging condition for 2 days [Salama and Pearce, 1993]. This 
increase seems to contrast our observation of a decrease of ethane production after dry aging 
treatment of onion. However, the increase of conjugated dienes is an accumulating effect, that 
is compatible with a decreasing rate of dienes-production. The ethane production 
measurements are rate-measurements. These might show a decrease without contradicting the 
increasing concentration of dienes.
Like ethane, malondialdehyde (MDA) is an end product of lipid peroxidation; but 
there is no a clear trend in MDA production from the seeds with different age. Stewart and 
Bewley (1980) aged soybean seeds to various times (1-7 days), in high and low humidity at 
45°C. They measured MDA during the first few hours of imbibition. Upon this aging, they 
found a high MDA level for seeds that had been aged up to 4 days; and after 4 days MDA 
level declines rapidly. The MDA level on high humidity aged seeds are higher than those of 
dry (low humidity) aged seeds [Stewart and Bewley, 1980]. MDA was also detected in 
unimbibed soybean seeds that have been naturally aged (25°C, 8% seed moisture) [Sung and 
Chiu, 1995]. There was a significant increase of MDA in aged seeds as compared to that of 
non-aged seeds; MDA levels increased with the aging duration. A similar behavior of MDA 
levels was found in peanut seeds aged for 9 days at 45°C and 79% RH [Sung and Jeng,
1994]. In the other hand, no change in the MDA content was detected during accelerated 
aging at 45 °C and 74% RH of cucumber (over 14 days) and onion (over 4 days) seeds 
[Salama and Pearce, 1993].
Electrolyte leakage has been used to investigate the relation between (artificial) aging 
and membrane damage caused by lipid peroxidation. At a first glance it seems that there is a 
discrepancy between our ethane measurement and results of electrolyte leakage that is higher 
in naturally aged seeds [Senaratna et al., 1988; Pukacka, 1991] and increase with artificial 
aging duration [Stewart and Bewley, 1980; Gorecki et al., 1985; Sung and Chiu, 1995]. The 
electrolyte leakage measurements represent a level of membrane damage that causes solute 
diffusion. The damage that occurs due to the lipid peroxidation during the storage period is 
irreversible; therefore, the damage is accumulating during the storage period. A larger 
damage is measured by a higher electrolyte leakage for naturally aged seeds [Senaratna et 
al., 1988; Pukacka, 1991]. Shown in Table 6.4, the increment of electrolyte leakage becomes 
lower in older seeds. Therefore, the actual membrane damage behaves similar to lipid 
peroxidation as indicated by ethane measurement.
In contrast to electrolytic effects and to MDA-concentration measurements, the gas 
phase product, ethane, is emitted; it is not trapped and accumulated in the seed along the 
storage period. Its measured value is a real time production rate. In general, the ethane
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production depends on the amount of radicals present (influenced by their formation rate and 
their scavenging) and the availability of unsaturated fatty acid (linolenic acids). Our result on 
artificial aging of onion seeds is in agreement with a decrease of linolenic acids [Stewart and 
Bewley, 1980; Pukacka and Kuiper, 1988]. Thus, the observed diminishing of substrate -  
linolenic acid- must be the dominating effect to explain the present ethane results during the 
aging treatment; although scavenging capacity decreases there is no enhanced ethane 
production. Apparently, the substrate forms the limiting factor for lipid peroxidation that 
leads to ethane as end product.
Table 6.4: Electrolyte leakage of Norway maple seeds after natural aging at -3°C, 10% water 
content. The data presented in the first and second column are taken from literature [Pukacka, 
1991]. Increment of electrolyte leakage is counted from the difference in electrolyte leakage 
and the age of the seeds in the subsequent row.
Seed lot Electrolyte leakage 
(%)
Increment of electrolyte leakage 
(% / year)
1989 25 0.0
1988 39 14.0
1986 45 2.0
1982 60 3.7
Priming as a treatment to decrease the mean time of germination [Kester et al., 1997], 
shows no effect on peroxidation. No difference in ethane production of primed and non­
primed onion seeds has been observed. This fact was found on onion variety Summit 
harvested in 2000 and 1997, under “dry” aged (40°C and 70% RH) or non-aged. An 
exception was shown by non-aged onion Summit harvested in 2000; here, the primed seeds 
produce less ethane than the non-primed seeds. In this case the priming treatment behaves as 
slight aging treatment.
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Appendix 
N atural aging
Several measurements have been performed on a variety of seeds: onion, tomato, chickpea 
and corn. Various treatments and measuring methods were used at this stage. More extensive 
measurements have been performed on different varieties of onion from different harvest 
years and aging treatments.
Results are presented in Table A1. Each row in the table shows the comparison of 
ethane production from seeds of different age subject to the same condition of treatment and 
measurement. Young and old as a label for the seeds are relative; it just shows which one is 
older than the other. Each line represents a combination of one older and one younger seed in 
one experiment and each time the difference in ethane production is presented as the ratio 
old/young.
Table A1: Ethane production from seeds of different natural ages. Acc stands for accumulation.
Species Year of harvest Measure­ Acc Production (nl / g hacc) Ratio
Young Old ment period
(hours)
young old old / young 
(%)
Onion Israel 2000 1999 dry 21 0.0073 0.0063 86
Israel 1999 1997 dry 24 0.0015 0.0002 13
Summit 2000 1997 dry 15 0.018 0.0024 13
Summit 2000 1997 dry 15 0.012 0.0015 12
priming
Summit 2000 1997 wet 15 0.46 0.24 53
Tomato 1995 1991 dry 7 0.041 0.010 25
Chickpea 2000 1993 dry 14 0.010 0.008 80
The table presents a rather diverse set of experiments. The different varieties of 
onions always show that the older seeds produce less ethane than the younger seeds. The 
ratios vary from 12% to 86%. A similar behavior is found in Tomato and Chickpea. The set 
of measurements on Summit Onion shows the difference between wet and dry measurement. 
When the seeds are imbibed both young and old seed release about 100 times more C2H6 
than the dry ones.
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Warm water artificial aging
Artificial aging can be performed by immersing seeds in warm water of 60°C for a 
couple of minutes. Immersion in room-temperature-water (20°C) functions as a control (non­
aging) treatment. After the treatment the seeds were redried and then measured. This 
procedure has been followed with a number of different seeds, while the effect of duration of 
the aging treatment was tested in onion (Table A2).
The trend evident from these dry accumulation experiments is that chickpea, wheat, 
cotton and corn produce significantly higher amounts of ethane after treatment (last column 
of Table A2). Onion shows smaller effects, and no definite trend can be found.
Table A2: Total ethane production per gram fresh weight per hour of accumulation (nl / g hacc) 
of seeds immersed in the warm water (20°C or 60°C). Acc stands for accumulation.
Species Aging treat­ Acc Production Production Ratio
ment period period non-aged (20oC) aged (60oC) Aged / non-aged
(minutes) (hours) (nl / g hacc) (nl / g hacc) ( % )
Onion 2 5.5 0.0192 0.0155 81
5 6 0.0082 0.0093 112
10 7 0.0041 0.0088 215
2 26 0.0094 0.0050 53
5 26 0.0022 0.0074 334
10 26 0.0038 0.0071 187
Chickpea 10 15 0.0102 0.1197 1172
Wheat 10 17 0.0013 0.0152 1207
Cotton 10 20 0.0004 0.0075 1840
Corn 10 23 0.0002 0.0932 44214
Under short (2 minutes) periods of treatment, control non-aged (20°C) onion seeds 
have a higher production than aged (60°C) seeds, but for longer (5 and 10 minutes) periods of 
treatment the values are reversed. The total production in nl / g hacc and the ratio for aged to 
non-aged seeds are shown in Table A2. The ratio (old/young) is relatively high; and the 
spread of this value is large.
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Abstract
The active protection mechanism of plants against pathogens induces a hypersensitive 
response that yields fast, localized cell death at the site of infection. This programmed cell 
death prevents the spreading of the pathogen to other parts of the plant. The hypersensitive 
response requires a specific interaction between a plant and the pathogen. Plant recognition of 
pathogen infection triggers a burst of reactive oxygen species (ROS). Recent investigations 
show that NO participates in the hypersensitive response. Employing a CO laser based 
photoacoustic detection we measured NO emission from tobacco leaves infected by bacteria. 
Specific patterns of NO production have been observed for different bacteria: non-virulent, 
avirulent and virulent. NO levels detected were in the order of 8 nl/g h, 4 nl/g h, 2 nl/ g h for 
the tobacco leaves infected by avirulent, virulent and non-virulent bacteria, respectively. The 
results represent the first direct NO measurement during a plant pathogen interaction.
130 Chapter 7
Nitric oxide (NO) is known as a toxic gas and a harmful pollutant. Anthropological sources 
of this molecule mainly are generated in three sectors: road transport, industry and power 
stations, and the domestic sector. The combustion of fossil fuels is responsible for the huge 
emission of oxides of nitrogen [Bogo et al., 2001; Blakemore et al., 2001]. Together with 
SO2, NOx (NO & NO2) cause to acid rain. Furthermore, NOx is also involved in the chemical 
reaction of ozone formation in the lower atmosphere [Hewitt, 2001].
Several recent investigations demonstrated the participation of NO in many biological 
processes in plants. The effects of NO pollution on plants have been investigated by growing 
lettuce plants in NO enriched air [Hufton et al., 1996]. In the beginning of the exposure (2-6 
weeks) the NO treated lettuce plants show a lower crop growth than the control. However, 
from 8 weeks up to the harvest time (10 weeks) the growth of the NO treated plants is higher 
as indicated by the crop growth rate, leaf area and net assimilation rate. The germination of 
lettuce was also stimulated by imbibing seeds in water containing a NO donor [Beligni and 
Lamattina, 2000]. Concerning postharvest effects, NO treatment by fumigation of several 
fruit (strawberry, cucumber, kiwi) with 50-250 ppb of NO for 2-16 hours, results in a longer 
postharvest lifetime up to 150% [Leshem et al., 1998]. More recently, NO has been 
recognized as a signal molecule in plant defiance against pathogenic infection [Durner et al., 
1998; Delledonne et al., 1998].
From a spectroscopic point of view, the properties of NO are well known. A high­
resolution spectrum of the fundamental band transition of NO covers a frequency range from 
1780.16235 cm-1 to 1952.027478 cm-1 [Spencer et al., 1994]. The spectral coincidences 
between NO and the CO-laser have been demonstrated in the 1970's [Garside et al., 1977; 
List et al., 1979]; this fact leads to the employment of the CO-laser for further studies of NO 
molecules [Rohrbeck et al., 1980; Saupe et al., 1993]. In the early seventies, Kreuzer et al. 
have applied a CO-laser for their photoacoustic detector to measure pollutant gases including 
NO [Kreuzer et al., 1972]. Claspy and co-workers (1976) reported the photoacoustic spectra 
of NO in the CO-laser region. Employing a CO-laser based photoacoustic detector Bernegger 
and Sigrist measured the NO concentration in car exhaust. The authors also showed that the 
phase of the photoacoustic signal changes in the presence of NO [Berneger, 1990].
The aim of the present study is to apply the CO-laser (lasing on the fundamental 
vibrational transition) in combination with the sensitive photoacoustic detection method to 
study of NO emitted by tobacco leaves after being attacked by pathogenic bacteria. This is 
the first time that NO release from plants under stress / attack has been measured directly, 
non-invasively and in real time.
7.1 Introduction
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7.2 Photoacoustic signal of nitric oxide
It has been shown in chapter 2 that the photoacoustic signal generated in the cell depends on 
the absorption coefficient and the concentration of the measured gas. Another factor of 
importance is the relaxation time of the molecules. This characterizes how fast the 
photoacoustic signal is generated and how much the phase of the signal is shifted relative to 
that of the incident laser beam. If the photoacoustic cell contains a mixture of G different 
gases, all of the components may contribute to the signal at a specific excitation wavelength X 
with their own phase. Therefore, if these different phases (0gX) have to be taken into account, 
the in-phase normalized signal (S / P)X cos dX of the microphone (equation 2.3; chapter 2) is 
modified as [Sigrist, 1995]
G
( S /P)x c°s#x  = F  X pg a gX cos0gX (71)
g =1
with F  is the cell constant ( in cm V / W), pg is the partial pressure of gas g  ( in atm), agX is 
the absorption coefficient of gas g  at laser wavelength X ( in cm-1 atm-1).
In the case of the measurements, discussed below, the main components in the gas 
sample are water and NO. To quantify the phase behavior, a simple model is applied for those 
two gas components (H2 O and NO). The individual signal and phase are related to the (real 
part) enthalpy H  of the gas that depends on the absorption of the laser power and the heat loss 
[Meyer and Sigrist, 1990].
H = Ho exp i (a  t - 0) (7.2)
where the constant Ho contains the absorption coefficients, the concentration, the laser power 
and a proportionality factor; a  is the modulation frequency. The phase difference (0 ) is 
defined as
0 = arc tan (a  t ) (7.3)
with t  the relaxation time of the gas.
For a  of the order of 7000 s-1 as in our set up, the water signal shows a  t  << 1, i.e. its phase 
angle vanishes. On the other hand, due to its slower relaxation, a non-negligible phase lag is 
found for the NO signal. The relaxation time of NO ( tn o )  in air ( 1 atm pressure) is
1 = p n O  + p H  2 O + p N  2 + p O 2
t NO t NO -  NO t NO -  H  2 O t NO -  N  2 t  NO -  O 2
(7.4)
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where T-  represents the relaxation time for unit partial pressure (atm s) for vibrational- 
translational energy exchange between molecules i and j [Moeckli et al., 1998] presented in 
Table 7.1; pNO, pH2O, pN2, and p O2 are the partial pressures of NO, H2O, N2, and O2, 
respectively.
Table 7.1: Relaxation time for vibrational-translational energy transfer between molecule NO 
and other components in the carrier gas. The data is taken from Bernegger and Sigrist (1990).
Molecules -se
'S
NO - NO 2.0 x 106
NO - H 2 O 3.8 x 107
NO - N 2 3.3 x 103
NO - O2 6.5 x 105
If the sample contains only or mainly NO and H2O as absorbing gases, both molecules 
generate a photoacoustic signal according to equation 7.2. The individual signals can be 
combined as a vector; the total signal amplitude (R) and the phase (0 ) of the resulting 
photoacoustic signal are shown in Figure 7.1.
The combined photoacoustic signal vectors of NO (RNo) and water (RH2O) determine 
the resultant (R) and the phase (0 ). Based on equation 7.2 to 7.4 and Figure 7.1, we predict 
the phase of the photoacoustic signal on three different laser lines of the fundamental CO 
laser: v12j11, v8j9 and v7j11. The v12j11 line of the fundamental CO laser has a strong water 
absorption and weak NO absorption. The second line v7j 11 has an intermediate absorption of 
both water and NO. The third line v8j9 is the strongest NO absorption in the fundamental CO 
laser region, and it has a very weak absorption of water.
Figure 7.1: Scheme of total photoacoustic signal (R) and its phase (0 ) due to the absorption 
of the laser power (excitation) by H2 O and NO molecules.
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Figure 7.2 shows the predicted phase of the photoacoustic signal on the three CO laser 
lines (v 12j 11, v7j11, v8j9) for various concentrations of water and NO. The simulation is 
performed using the known parameters (relaxation time for vibrational-translational energy 
transfer and absorption coefficient) of water and NO; the modulation frequency (ra=2nf) is 
6970 Hz, as in the experimental situation. No significant change of phase is found in the 
v12j 11 laser line due to the high contribution of the water signal and low contribution of NO 
(Figure 7.2A). The highest effect on the phase change is found for the strongest NO line 
(v8j9), see Figure 7.2C. All cases show that a higher water concentration reduces the phase 
change. This role of water is partly due to a higher water (in-phase) signal and partly to the 
fast relaxation time for vibrational-translational energy transfer between H2O and NO (Table 
7.1), decreasing the phase of NO photoacoustic signal (d NO).
The experimental verification of the model was carried out by measuring the 
photoacoustic signal and the phase on those three CO laser lines; the laser was chopped at the 
acoustic resonance frequency of the photoacoustic cell, f  = 1110 Hz. A calibrated mixture of 
10 ppm NO in N2 was purchased from Air Liquide. A gas dynamic flow of NO and air was 
led through a cooling trap at -80oC, to keep the water concentration at 8 ppm. The 
experimental result is shown in Figure 7.3. As predicted, no phase change was observed in 
the first (v12j 11) laser line. The third line (v8j9) shows the highest change up to 60O for NO 
concentrations between 1 to 10 ppm. A lower phase change was observed for lower 
concentration (below 1 ppm) of NO. An intermediate change of the phase was measured in 
the second line (v7j11), which has a relatively high absorption coefficient of both gases. The 
relative phase changes of these laser lines can serves as indicator of the presence of NO 
molecules in a sample.
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Figure 7.2: The phase dependence of the photoacoustic signal on the H2O and NO 
concentration calculated at three different laser lines: A. the v12j 11 laser line (high 
absorption for water, low absorption for NO). B. the v7j11 laser line (both water and NO 
have a relative high absorption). C. the v8j9 laser line (low absorption for water, high 
absorption for NO).
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NO ( ppm )
Figure 7.3: Experimental result of the phase dependence on the NO concentration of three 
laser-lines (v 12j 11, v8j9, v7j11). The modulation frequency (tt>) is 6970 Hz and the water 
concentration is 8 ppm.
7.3 NO detection during plant-bacteria interaction 
7.3.1 Background
For protection against pathogens, plants are equipped with passive and/or active mechanisms. 
A passive protection, e.g. a waxy cuticular skin layer, can stop non-specific invaders [Holt et 
al., 2000; Dangl and Jones, 2001]. The more complex active mechanism against pathogens 
requires a specific interaction between a resistance gene, R, in the plant cell (that produces 
proteins protecting the plant cell against bacterium-mediated disease) -  and a pathogen gene 
(avr) that can interact with the R gene via the proteins produced by this avr gene [Dangl and 
Jones, 2001]. To achieve this protection, both types of proteins, from R and avr, must interact 
in a way that is not fully understood. Successful interaction leads to an effective defence 
against pathogens and disease is not exhibited. The pathogen is then called avirulent with 
respect to a specific plant host, see Table 7.2 below. If the R gene does not find a 
corresponding avr gene, then their combined proteins cannot establish a defense mechanism, 
so that the plant will suffer from the disease; this is the case of the virulent bacteria of Table 
7.2, for the (tobacco, Nicotinia tabacum) plant. [Dangl and Jones, 2001]. The final case 
concerns a pathogen where the plant is completely immune against the influence of the
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pathogen. In the first (avirulent) case the protection mechanism involves a burst of reactive 
oxygen species (ROS) leading to the accumulation of H2O2 [Dangl, 1998; Van Camp et al., 
1998; Bolwell, 1999; Clarke et al., 2000], and the production of NO [Delledonne et al., 1998, 
Durner et al., 1998; Durner et al, 1999; Delledonne et al., 2001].
Reactive oxygen species (ROS) are often formed as byproduct of normal metabolism 
as a result of the “leaky” electron transport system [Bolwell, 1999], with damaging effects as 
a consequence (see chapter 3, 4, 5 and 6). However, recently numerous findings show that 
ROS are deliberately produced in plant-pathogen interaction as a defense response to 
pathogen attack. The plant recognition of infection leads to a so called hypersensitive 
response (HR) indicated by a fast, localized cell death at the site of infection [Tenhaken et al.,
1995]. A number of possible roles of ROS have been proposed: restricted growth or direct 
killing of pathogens, involvement in structural changes in the cell wall, promotion of 
programmed cell death (PCD) of host cells in the hypersensitive response and induction of 
defense gene expression.
Table 7.2: Bacteria used to study their interaction with the tobacco leaf. P.s. stands for 
Pseudomonas syringae and HR for hypersensitive response.
Bacteria Type of interaction Leaf recognition 
and response
Effect on the leaf
Bacteria Leaf
P. s. pv phaseolicola avirulent resistant recognition
HR
local lesion
P.s. pv phaseolicola hrp L non-virulent immune no recognition 
No HR
no lesion
P.s. pv tabaci virulent susceptible recognition 
No HR
Chlorosis, disease 
complete leaf
Upon pathogen invasion an oxidative burst can be observed in the plant. Superoxide 
as the first product in this process has a short half-life and is rapidly converted to hydrogen 
peroxide. It was shown that hydrogen peroxide bursts occur in the first 8 hours after infection 
[Van Camp et al., 1998; Clarke et al., 2000]. Yet, although hydrogen peroxide is toxic, its 
production during this oxidative bursts is not sufficient to kill cells [Dangl, 1998]. Thus, 
reactive oxygen species alone cannot stop the pathogen invasion, and a synergy mechanism 
has been proposed between reactive oxygen and NO during the hypersensitive response in 
plants [Durner et al., 1998; Delledonne et al., 1998]. Indeed, this combined action of ROS 
and NO is known in mammalian macrophages to kill the bacterial pathogens [Nathan, 1995].
Like in mammals, in a plant the formation of NO is proposed to be catalyzed by NO­
synthase (NOS) [Delledonne et al., 1998]. Therefore, the measurement of NOS activity was 
employed as an indirect method to detect the involvement of NO. Durner et al. infected 
tobacco leaves with the tobacco mosaic virus (TMV). The NO-synthase activity was 
monitored using two different methods; arginine to citruline assay and fluorometric assay 
based on nitrite detection. Their results show that NO-synthase is induced in resistant, but not 
in susceptible plants [Durner et al., 1998].
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Applying a NOS inhibitor has demonstrated the role of NO. No induction of 
hypersensitive cell death was found in infected soybean cells pretreated with a NOS inhibitor. 
Likewise, infections of Arabidopsis leaves with Pseudomonas syringae pv. maculicola 
resulted in a localized HR lesion, but coinfiltration with nitric oxide synthase inhibitors 
blocked the hypersensitive response and spread the chlorosis [Delledonne et al., 1998].
Exogenous mammalian NOS induces the defense genes protein PR-1 in the tobacco 
leaf. Applying a NOS inhibitor and NO scavenger suppressed the accumulation of NOS- 
induced PR-1 protein. A significant increase of PR-1 protein was also found on tobacco 
leaves treated with a NO donor [Durner et al., 1998].
Exogenous NO together with ROS synergistically promotes cell death as 
demonstrated in cell suspensions treated with 0.5 mM sodium nitroprusside (SNP) that 
generates a steady production of NO. This treatment together with exogenous H2O2 or O2- 
induces cell death, but not in the absence of reactive oxygen. In addition, application of an 
NO scavenger blocked the induction of cell death. Yet, an excess of NO due to a high 
concentration of SNP (the NO donor) resulted in a lower cell death. Therefore, Delledonne et 
al. proposed that a balance between NO and ROS was required for an induction of cell death 
[Delledonne et al., 1998].
Direct NO measurements were performed by different methods. NO was assayed by 
the conversion of haemoglobin to methaemoglobin. Using this method Delledonne et al. 
found that NO production was induced in soybean cell suspensions inoculated with avirulent 
P. syringae pv. glycinea. Furthermore, this NO induction was inhibited significantly by the 
NOS inhibitors. However, ROS interfere with the conversion of haemoglobin to 
methaemoglobin [Delledonne et al., 1998]. Therefore, the presence of ROS has to be 
eliminated in this test. This is the drawback of this method for measuring NO in the 
pathogen-plant interaction since ROS is always present. Recently, Delledonne et al. have 
agreed that this method cannot be used under a strong oxidative burst; for such conditions a 
NO electrode was applied [Delledonne et al., 2001]. However, the NO electrode was not 
applied to measure and follow the NO concentration as a response to pathogen infection.
We have measured directly the NO concentration generated by living, intact plant 
material of tobacco leaves as a response to a pathogen invasion. Employing laser-based 
photoacoustic detection allows us to monitor the NO evolution in real time from a tobacco 
leaf infected by bacteria. A characteristic pattern of time course of the NO production has 
been found for different bacteria: the non-virulent, avirulent and virulent strains defined in 
Table 7.2. These data represent the first in planta and direct measurement of NO emanation 
in plants undergoing various responses to bacterial challenge.
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Two series of experiments have been conducted. For the first series, tobacco plants variety 
Petit Havana were grown in the green house of the Catholic University of Nijmegen. Tobacco 
plants of the variety Samsun NN which were grown in Wales and brought to Nijmegen by Dr 
Luis Mur were used in the second series of experiments. For both series, the 2nd, 3rd or 4th of 
true tobacco leaves were taken from 5-7 weeks old plants. No effort was made to detect the 
effect of leaf age.
The infection was performed by injection of bacteria into intercellular spaces of the 
tobacco leaves. The three different bacteria strains of Table 7.2 were utilized to study the 
response of this bacteria invasion. The first bacterial strain, Pseudomonas syringae pathovar 
(P.s. pv.) phaseolicola, is avirulent and therefore recognized and localized, i.e. stopped, by 
the host cells whilst P.s. pv phaseolicola hrp L, is a mutated derivative (i.e. as non-virulent) 
which fails to elicit any gross response from the plant. P.s. pv tabaci, the third bacterial strain 
is virulent and causes disease. These bacteria attack slowly and can eventually spread to the 
whole plants.
The bacteria were used in water suspensions, with a density of 10 bacteria per ml. 
Approximately 100 ^l of suspension was injected for 1 cm leaf area. Injection was applied at 
least at 10 different points distributed over a leaf in such a way that the whole leaf was 
infiltrated by the suspension. The injection method was described by Mur and co-workers 
[Mur et al., 2000]. To remove the water excess in the leaf sample due to this injection, the 
leaf was left on the plant for about 2 hours allowing the water to be dissipated by 
transpiration. Subsequently, the leaves were removed and put into the measuring cuvette. 
Typically, 5-10 g of leaf material was put into a sample cuvette. In the first series of 
experiments, the leaves were kept in a closed cuvette to accumulate the release of NO. The 
measurements were performed after this accumulation period. In the second series of 
experiments the leaves were measured directly in a continuous flow; the measurements were 
performed in the real time.
A measurement was performed by flushing the carrier gas through the sample cuvette; 
the flow was led trough the cooling trap at a temperature of -80oC and to the photoacoustic 
cell. The experimental set up is depicted in Figure 7.4. Three cuvettes were measured 
sequentially. The first cuvette contains the infected tobacco leaves. The second cuvette is for 
a mock sample where water-injected tobacco leaves serve as a control. The (third) empty 
cuvette is used for measuring and subtracting the background signal.
Six laser lines were employed to measure the NO concentration, see Table 7.3. 
Among them is the strongest NO line v8j9 of the fundamental CO laser lasing at 1900.0426 
cm-1. Due to the presence of water, one laser line v 12j 11 serves to determine water 
concentration. The presence of other gases like ethylene and NO2, are checked by the other 
lines.
7.3.2 Materials and methods
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1 2 3
Figure 7.4: Experimental set-up. 1, Mass flowmeter; 2, Sample cuvette; 3, Electronic valve;
4, Cooling trap; 5, Photoacoustic cell.
Table 7.3: Selected laser lines and absorption coefficients (in cm-1 atm-1) of relevant gases used 
for measuring nitric oxide. The absorption coefficients for H2O, C2H4 and NO2 are taken from 
the literature: Persijn (2001) for H2O, C2H4 and Hitran data base for NO2.
Laser line a NO 
(cm-1 atm-1)
a H2O 
(cm-1 atm-1)
a C2H4 
(cm-1 atm-1)
a NO2 
(cm-1 atm-1)
v19j8 0.017 3.4T0"2 3.2T0"4 27.03
v 1 2 j 1 1 0.094 4.010-1 6.3 • 10-3 1 1 0 -3
v9j 13 0.52 1 .0 T 0 ' 2 3.3 • 10-1 5.2T0"4
v8j9 10.53 1.4 10-3 5.7^  1 0 -1 3.8T0"4
v7j 1 0 0.45 2 .2 -1 0 -2 7.010-1 3.9T0"4
v7j7 2.77 7.9T0"3 3.0T0"1 3.0-10-4
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NO production was first measured using an accumulation method. After a certain period of 
infection, the leaves were put into a closed cuvette for about 2 hours of accumulation, before 
the actual measurement. A typical result of the first series (accumulation experiment) is 
depicted in Figure 7.5; tobacco leaves were injected with Pseudomonas syringae pathovar 
phaseolicola. The upper trace shows the NO concentration as calculated from 6 laser lines. 
The first peak is the result of an accumulation for 2.3 hours, starting 3.3 hours after infection 
of the leaves. A longer infection period (25 hours) and 2.8 hours of accumulation resulted in 
NO signal shown in the second peak. The lower traces in Figure 7.5 show the phase change 
of the photoacoustic signal on the strongest NO line (v8j9) and on the weak NO line (v7j10). 
The change of phase of the photoacoustic signal was detected for the sample cuvette, but was 
absent for the empty (background) cuvette. As expected the largest change is found for the 
strongest NO line.
The integrated values of the whole series of accumulation peaks, normalized by the 
fresh weight and the period of accumulation, is presented in Figure 7.6. The data thus show 
the time course of NO release during the avirulent bacterial pathogen infection on the tobacco 
leaf var Petit Havana. The leaves underwent different conditions with respect to the period 
they remained on the plant after injection (i.e. different waiting times to remove excess of 
water by transpiration) and with respect to the accumulation period (about 2 hours). 
Generally leaves were kept on the plant until the start of accumulation.
In the second series of experiments, leaves were injected by bacterial suspensions and 
left on the plant for about 2 hours for removing of the excess water. The subsequent 
measurement was carried out in continuous flow resulting in a typical production rate of NO 
as shown in Figure 7.7. No NO was detected shortly after infection. After about 4 hours, NO 
production increased and then showed a plateau. A comparison of the NO production from 
different bacteria is depicted in Figure 7.8. A data point in the figure represents an average 
and its standard deviation of 12 sample points measurements that takes about 30 minutes of 
measuring time. No significant difference of NO production was seen for the non-virulent 
bacteria infected leaves and the mock (water) infected leaves. The highest NO emission was 
found in the leaves infected by avirulent bacteria, while the leaves infected by the virulent 
bacteria produce NO with an intermediate rate about 2 times lower than what was observed 
for avirulent bacteria and 2 times higher than for non-virulent bacteria.
Visible lesions formed in the interaction are depicted in Figure 7.9. The avirulent 
bacteria elicited a rapid i.e. less than 12 hours, lesion formation. This lesion is found only in 
the infected site. On the other hand the virulent bacteria caused chlorosis (yellowing) slowly 
that is visible about 3 days after infection. This disease eventually spread to the whole leaf.
7.3.3 Results
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Figure 7.5: The NO release (■) from tobacco leaves injected with avirulent bacteria 
Pseudomonas syringae pathovar phaseolicola. The two peaks are the result for two different 
infected leaves (i) 3.3 hours after injection, accumulation for 2.3 hours i.e. 5.6 hours after 
injection (ii) 25.0 hours after injection, 2.8 hours of accumulation i.e. 27.8 hours after 
injection. The empty cuvette was measured before the first peak and in between the two peaks. 
The phase change of the photoacoustic signal on the strongest NO absorption v8j9 line (Q) 
and the weak NO line v7j 10 (V) is depicted in the lower two traces.
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Figure 7.6: The NO emission during avirulent bacterial pathogen injection on the Petit 
Havana tobacco leaves. The graph represents an integrated value of the NO accumulation 
peak normalized by the fresh weight and the period of accumulation (2h). The bar shadings 
show the conditions of the measurement i.e. the period the leaves remain on the plant after 
injection.
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Figure 7.7: Rate of NO production, release from infected tobacco Samsun NN leaves with 
avirulent bacteria (■) or water (Q). The leaves were infected in the plant at time 0h; these 
leaves remained for 2 hours on the plant to remove the water.
0 4 8 12 16 20
period after injection ( h )
Figure 7.8: Time course of the NO rate production after inoculation with non-virulent (Q), 
virulent (▲), and avirulent (■) bacteria on tobacco Samsun NN leaves. The leaves were 
infected on the plant at 0h; these leaves remained for 2 hours on the plant to have the water 
removed by transpiration. The points, (■), represent the average over the sequence of 
measurements of Figure 7.7, for corresponding periods after injecting. For the virulent and 
non-virulent bacteria, the procedure was similar.
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24h
96h
Figure 7.9: Time course of lesion formation of the tobacco leaf infected by avirulent (left column) or 
virulent (right column) bacteria. At time 0h the leaf is infected; the black lines (best seen in the upper 
left picture) represent the border of the injected area i.e. the bacteria suspension does not cross this 
border. The injection is applied at the black point close to the side vein see 24h and 96h picture. The 
whitish "island" on the lowest left picture demonstrated the suicidal strategy of the plant working in 
case of the avirulent bacteria. Avirulent bacteria show a fast and localized lesion due to the 
hypersensitive response mechanism of the plant. The action of the virulent bacteria lead to chlorosis,
i.e. a color changes to yellow; it occurs slowly and also spreads to the non-infected leaf area, no 
suicidal strategy.
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The role of NO in the cell-pathogen interaction has been proposed to be a self defense 
mechanism. In association with hydrogen peroxide, NO is responsible for the death of the 
host cells in the hypersensitive response [Delledonne et al., 1998]. NO also acts as a 
messenger to activate defense genes [Durner et al., 1998]. These roles of NO localize the 
pathogen invasion and limit the spreading of damaging effects. Yet, numerous recent 
investigations on the presence and of the role of NO have been focused on indirect 
measurements i.e. on the NOS (the enzyme responsible for the endogenous NO production) 
activity [Delledonne et al., 1998; Durner et al., 1998] or on the effect of exogenous NO 
[Delledonne et al., 1998; Dangl, 1998].
Different methods have also been applied to detect and measure the concentration of 
NO, namely the haemoglobin (Hb) to methaemoglobin (metHb) assay and an NO electrode 
technique. Supposed direct NO measurements through the conversion of haemoglobin to 
methaemoglobin assay are not definitive as this approach also detects ROS [Delledonne et 
al., 1998]. This method cannot be used under a strong oxidative burst [Delledonne et al., 
2001] i.e. during the early pathogen infection period. The NO concentration generated by 
SNP (the NO donor) has been detected using an NO-electrode. However, the same NO­
electrode has never been employed to measure and follow the NO concentration as a response 
to pathogen infection [Delledonne et al., 2001].
In contrast to these methods, the photoacoustic detector is able to monitor on-line the 
NO emission during the cell-pathogen interaction. The photoacoustic signal generated by the 
NO molecule possesses a specific character. Due to slow relaxation of NO, the phase of the 
acoustic signal tends to non-linearly increase with the NO concentration. This fact of the 
phase change of the photoacoustic signal uniquely identifies the presence of NO molecules 
upon a bacterial infection of tobacco leaves as shown in Figure 7.5.
NO production was first measured using an accumulation method. After a certain 
period of infection, the leaves were put into a closed cuvette for accumulation, before the 
actual measurement. The estimated growth of the NO production rate is shown in Figure 7.6. 
The rate is normalized to the period of accumulation that is different for each sample; this 
calculation is based on the assumption that the NO production is about constant during the 
accumulation period. Note that remaining periods of the leaves on the plants were different.
This drawback of the accumulation methods was eliminated by the second method, a 
continuous measurement on sample leaves. In this method, the real production rate of NO 
was measured; an example is shown in Figure 7.7. We will discuss only the result of the 
second more precise method.
Different interactions between cell and pathogen are observed for three different 
bacteria i.e. non-virulent, avirulent and virulent resulting in a different NO production rate 
(see Figure 7.8). The lowest NO production rate is found in the non-virulent bacteria-infected 
tobacco leaves; this production rate is at the same level as from the mock water injected 
leaves. The failure of P.s. pv. phaseolicola hrpL strain to elicit elevated NO emissions
7.3.4 Discussion
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demonstrates that a NO production is associated with the ability of bacteria to interact with 
the plant.
During the reaction (an incompatible interaction) of the avirulent bacteria and the 
plant, the presence of the bacteria are recognized. As a result the plant responds with 
activating the defense mechanisms in order to localize and to restrict the bacteria growth and 
spread [Dangl, 1998]. In the early event of invasion a burst of ROS is the manifestation of the 
recognition [Dangl, 1998; Bolwell, 1999; Delledonne et al., 1998], and it is accompanied by 
NO generation [Foissner et al., 2000]. Plant recognition of the bacteria invasion causes this 
ROS and NO emission. Our result presented in Figure 7.8 shows a significant NO production 
from avirulent bacteria-infected tobacco leaves. A lower production is observed for the 
virulent bacteria infecting the leaves. This evidence is in agreement with the observation in 
soybean cell suspension. Both virulent and avirulent bacteria-treated soybean cell suspension 
showed a similar pattern of NO production: a sharp rise to reach a peak in the first hour and 
then a decline; a consecutive second increase reaches a maximum at about 6 hours after 
inoculation. The avirulent-treated soybean cell produces more NO than the virulent-treated 
one [Delledonne et al, 1998]. In order to remove the water excess, we infected the tobacco 
leaves on the plant and left them there for 2 hours, before starting the measurement. In 
practice, we start to measure about 3 hours after injection. Therefore, no data of the first 3 
hours are available. The figure shows that the rate of NO production increases and then 
reaches a relatively long plateau before decline. This time course is hardly different from the 
findings in the soybean cell suspensions that show a broad peak at 6h after injection.
For different bacteria the difference in NO production is related to the observed type 
of lesion, see Figure 7.9. Due to the bacteria recognition, tobacco leaves injected by avirulent 
bacteria start to initiate programmed cell death to localize and neutralize the attempted 
infection by a hypersensitive response. The leaves respond with a high NO production 
(Figure 7.8). Produced NO helps to kill the infected cells [Delledonne et al., 1998] and to 
activate defense genes proteins [Durner et al., 1998]. NO together with ROS yields a fast 
lesion on the site of infection, in less than 24 hours. No visible lesion is observed after 4 days 
on the non-infected part of the leaf, see the lowest left picture of Figure 7.9, near the stem. On 
the other hand, the interaction between the virulent bacteria and the tobacco leaf shows 
complete spread of disease, in the absence of a hypersensitive response mechanism. This 
disease becomes visually observable relatively slowly, indicated by chlorosis followed by cell 
death. The pathogen spreads also to non-infected sites, in first instance indicated by delayed 
yellowing.
The NO production during this plant-bacteria interaction depicted in Figure 7.8 
provides evidence that NO is involved in the hypersensitive response. Compared to the 
known H 2 O2  burst, the NO production behaves differently. The decline of the NO production 
is slower than that of H2O2 reported in the literature. In the future, the role of NO in this 
interaction will be tested by applying a NO scavenger, a NOS inhibitor (block the production 
pathway), and by salicylic acid (which acts to amplify the oxidative burst). In addition, 
transgenic tobacco plant that lack the recognition of the invading bacteria might be useful to
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study the interaction manifested in the NO production. The synergy action of ROS and NO 
will be put into evidence by measurement of C2H6 as indicator of the burst of ROS and 
ensuing lipid peroxidation.
The importance of NO in plants has been recognized only in the late nineties. Its role 
is at least twofold; first, it acts as a messenger helped by its small size and relatively fast 
diffusion from cell to cell. NO activates gene expression of proteins that result in killing of 
pathogenic bacteria. Second, activation of the reinforcement occurs of the cell wall of 
surrounding cells to hinder easy penetration by the pathogen. Thus, the spreading of avirulent 
bacteria is stopped. The direct measurement of NO in living plants, that is our contribution 
presented in this chapter.
Acknowledgements
We would like to thank L. Gerritsen for manufacturing of the cuvette and Gerard van der 
Weerden and colleagues for looking after our plants.
References
1. Beligni, M.V., Lamattina, L. 2000. Nitric oxide stimulates seed germination and de­
etiolation, and inhibits hypocotyl elongation, three light-inducible responses in plants. 
Planta 210: 215-221.
2. Bernegger, S., Sigrist, M.W. 1990. CO-laser photoacoustic spectroscopy o f gases and 
vapours for trace gas analysis. Infrared Phys. 30: 375-429.
3. Blakemore, F.B., Davies, C., Isaac, J.G. 2001. Effects o f changes in the UK energy- 
demand and environmental legislation on atmospheric pollution by oxides o f nitrogen 
and black smoke. Applied Energy 68: 83-117.
4. Bogo, H., Gomez, D.R., Reich, S.L., Negri, R.M., San Roman, E. 2001. Traffic pollution 
in a downtown site o f Buenos Aires City. Atmospheric Environment 35: 1717-1727.
5. Bolwell, G.P. 1999. Role o f active oxygen species and NO in plant defense responses. 
Current Opinion in Plant Biology 2: 287-294.
6. Clarke, A., Desikan, R., Hurst, R.D., Hancock, J.T., Neill, S. 2000. NO way back: nitric 
oxide and programmed cell death in Arabidopsis thaliana suspension cultures. The Plant 
Journal 24(5): 667-677.
7. Claspy, P.C. Pao, Y.H, Kwong, S, Nodov, E. 1976. Laser optoacoustic detection of 
explosive vapors. Applied Optics 15(6): 1506-1509.
8. Dangl, J.L. 1998. Plants just say NO to pathogens. Nature 394: 525-527.
9. Dangl, J.L., Jones, J.D.G. 2001. Plant pathogens and integrated defense responses to 
infection. Nature 411: 826-833.
Photoacoustic Detection of Nitric Oxide 147
10. Delledonne, M., Xia, J., Dixon, R.A., Lamb, C. 1998. Nitric oxide functions as a signal in 
plant disease resistance. Nature 394: 585-585.
11. Delledonne, M., Zeier, J., Marocco, A., Lamb, C. 2001. Signal interaction between nitric 
oxide and reactive oxygen intermediates in the plant hypersensitive disease resistance 
response. Proc. Natl. Acad. Sci. USA. 98: 13454-13459.
12. Durner, J., Wendehenne, D., Klessig, D. 1998. Defense gene induction in tobacco by 
nitirc oxide, cyclic GMP, and cyclic ADP-ribose. Proc. Natl. Acad. Sci. USA. 95:10328­
10333.
13. Durner, J., Gow, A.J., Stamler, J.S., Glazebrook, J. 1999. Ancient origins o f nitric oxide 
signaling in biological systems. Proc. Natl. Acad. Sci. USA. 96: 14206-14207.
14. Foissner, I., Wendehenne, D., Langebartels, C., Durner, J. 2000. In Vivo imaging o f an 
elicitor-inducednitric oxide burst in tobacco. The Plant Journal 23 (6): 817-824.
15. Garside, B.K., Balik, E.A., Elsherbiny, M., Shewchun, J. 1977. Resonance absorption 
measurement o f NO with a line-tunable CO laser: spectroscopic data for pollution 
monitoring. Applied Optics 16(2): 398-402.
16. Hewitt, C.N. 2001. The atmosspheric chemistry o f sulphur and nitrogen in power station 
plumes. Atmospheric Environment 35: 1155-1170.
17. Hitran Atmospheric Workstation for Windows, 1996 Ontar Corporation.
18. Holt III, B.F., Mackey, D., Dangl, J.D. 2000. Recognition o f pathogens by plants. Current 
Biol. 10: R5-R7.
19. Hufton, C.A., Besford, R.T., Wellburn, A.R. 1996. Effects o f NO (+NO2) pollution on 
growth, nitrate reductase activities and associated protein contents in glasshouse lettuce 
grown hydroponically in winter with CO2 enrichment. New Phytol. 133: 495-501.
20. Kreuzer, L.B., Kenyon, N.D., Patel, C.K.N. 1972. Air pollution: sensitive detection o f ten 
pollutant gases by carbon monoxide and carbon dioxide lasers. Science 177: 347-349.
21. Leshem, Y.Y., Wills, R.B.H., Ku, V.V. 1998. Evidence for the function o f the free radical 
gas - nitric oxide (NO) -  as an endogenous maturation and senescence regulating factor 
in higher plants. Plant Physiol. Biochem. 36: 825-833.
22. List, U., Herrmann, W., Urban, W., Fink, E.H. 1979. Spectral coincidences between CO­
laser and Nitric Oxide. A reinvestigation. Appl. Phys. 19: 427-429.
23. Meyer, P.L., Sigrist, M.W. 1990. Atmospheric pollution monitoring using CO2-laser 
photoacoustic spectroscopy and other techniques. Rev. Sci. Instrum. 61(7): 1779-1807.
24. Moeckli, M.A., Hilbes, C., Sigrist, M.W. 1998. Photoacoustic multicomponent gas 
analysis using a Levenberg-Marquardt fitting algorithm. Appl. Phys. B. 67: 449-458.
25. Mur, L.A.J., Brown, I.R., Darby, R.M., Bestwick, C.S., Bi, Y.M., Mansfield, J.W., 
Draper, J. 2000. A loss o f resistance to avirulent bacterial pathogens in tobacco is 
associated with the attenuation o f salicylic acid-potentiated oxidative burst. The plant 
Journal 23(5): 609-621.
26. Nathan, C. 1995. Natural Resistance and Nitric Oxide. Cell 82: 873-876.
27. Persijn, S.T. 2001. Photoacoustic trace gas sensing; application to fruit and insects. 
Ph.D. thesis. KUN.
148 Chapter 7
28. Rohrbeck, W., Winter, R., Herrmann, W, Wildt, J., Urban, W. 1980. Pressure broadening 
coefficients for nitric oxide, measured with a spin-flip Raman-Laser spectrometer. 
Molecular Physics 39 (3): 673-681.
29. Saupe, S. Adamovich, I., Grassi, M.J., Rich, J.W., Bergman, R.C. 1993. Vibrational and 
electronic excitation o f nitric oxide in optical pumping experiments. Chemical Physics 
174: 219-228.
30. Sigrist, M.W. 1995. Trace gas monitoring by laser-photoacoustic spectroscopy. Infrared 
Phys. Technol. 36(1): 415-425.
31. Spencer, M.N, Chackerian, C. Jr., Giver. L.P. 1994. The Nitric Oxide fundamental band: 
frequency and shape parameter for rovibrational lines. J. of Molecular Spectroscopy 165: 
506-524.
32. Tenhaken, R., Levine, A., Brisson, L.F., Dixon, R.A., Lamb, C. 1995. Function of 
oxidative burst in hypersensitive disease resistance. Proc. Natl. Acad. Sci. USA. 92: 
4158-4163.
33. Van Camp, W., Van Montagu, M., Inze, D. 1998. H2O2 and NO: redox signals in disease 
resistance. Trends in Plant Science 3(9): 330-333.
149
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Photoacoustic detection has proven to be a sensitive method, which is suitable for trace gas 
measurement. Numerous reports deal with the application of this detection technique to 
measure gas concentration during various processes in Biology and Medicine, e.g. ethanol 
and acetaldehyde during the fermentation, and ethylene during the ripening process of fruit; 
ethylene during UV radiation on human skin.
In this thesis, we improved the photoacoustic detection system to measure new 
biologically interesting gases, ethane (C2H 6 ) and nitric oxide (NO). These two gases were 
measured from plants under conditions far from optimal for life i.e. stress (chapter 1). It is 
well understood in literature that in many cases, the stress causes the formation of reactive 
oxygen species (ROS) that can initiate lipid peroxidation. This process yields ethane (C2H6) 
as one of the final products. Applying photoacoustic detection we measured ethane to study 
the response of plants to abiotic stress e.g. chilling under light (chapter 4), submergence 
(chapter 5) and artificial aging (chapter 6). Recently, it has been reported that nitric oxide 
(NO) is involved in the defense mechanism of plants against a pathogen invasion. Plants 
under this biotic stress were studied by measuring nitric oxide (NO) from bacteria infected 
tobacco leaves (chapter 7).
Photoacoustic detection is discussed in chapter 2; as the main part of the system, the 
CO laser is described in more detail. A new design of grating holder is incorporated into the 
CO laser that provides the possibility to operate the laser in two different wavelength regions, 
the fundamental (Av=1) and the first overtone (Av=2) vibrational transition, working at 4.6 -  
8.2 ^m and 2.62-4.06 ^m, respectively. High laser power could be obtained in the Av=1 
mode, more than 30 Watt intracavity on the strongest lines. In this region different gases 
show strong absorption, e.g. ethanol, acetaldehyde and also NO. However, high absorption of 
water is also found in this region that cause spectral interference. Operation of the CO laser in 
Av=2 mode yields less laser power: about 11 Watt intracavity on the strongest lines. Ethane, 
ethylene and pentane show strong absorption in this first overtone wavelength region, at 
about 3.3 ^m. For ethane, the combination of strong absorption, the available high power and 
less interference of water in this region leads to the detection limit of 0.5 ppb (part per billion, 
1:109). The possibility of running the laser in two different modes opens wider application as 
shown in this thesis; NO was measured using the fundamental (Av=1) mode and ethane 
employing the first overtone (Av=2) mode.
Chapter 3 is concerned with a general description of lipid peroxidation forming the 
basis for the study of stress effects for the plants discussed later. Prolonged lipid peroxidation 
is nocuous to plant tissue leading to leaking cell membranes. Special attention is paid to the 
role of ethane as a specific lipid peroxidation indicator and to its photoacoustic measurement.
Chilling stress on the chilling-sensitive cucumber leaves has been studied (chapter 4). 
Applying photoacoustic detection, we could follow ethane emission continuously in a real 
time. Ethane was observed from chilled-cucumber leaves under light but not in the dark. The
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rate of ethane production depends on the applied temperature, light intensity and the period of 
chilling. A typical rising emission of ethane has been detected. Leaves chilled at 2oC under 
500 ^mol light intensity showed zero ethane production in the first 8 hours; then a sharp 
increase to a constant level of 2.4 nl g-1 h-1 could be measured. High light intensity apparently 
stimulates the ROS formation in the chilled leaf. The presence of ROS in the tissue causes 
emission of ethane produced by lipid peroxidation. At the same time the decreasing CO2 
uptake found indicates a diminishing photosynthetic activity due to damage of the 
photosynthetic apparatus. During post chilling period additional damage occurs as testified by 
an enhanced ethane release.
Chapter 5 explores the submergence stress on rice seedlings. Two different rice 
cultivars, tolerant (FR13A) and intolerant (CT6241) to submergence, were tested in this 
study. Those two rice cultivars were submerged up to 3 days in the dark starting either early 
in the morning or in the late afternoon after illumination. Ethane was detected from 
accumulation during the submergence as well as directly in the post-submergence period. The 
results show that irrespective of the period and starting of submergence, the tolerant cultivar 
(FR13A) produces less ethane than the intolerant one (CT6241). With lengthening the period 
of submergence, both cultivars yield an increase of total ethane production. This result is in 
parallel with the increasing leaf damage and decreasing survival score observed.
Chapter 6 presents ethane measurements on onion seeds subjected to artificial aging 
in a high temperature and high humidity environment. It has been reported that lipid 
degradation occurs during aging and leads to the decrease in the germination probability. 
Lipid peroxidation is expected to be the mechanism responsible for this process. Our ethane 
measurements confirm this expectation. The decrease of ethane emission upon artificial aging 
observed in this study is in agreement with the decrease in the unsaturated fatty acid reported 
in the literature. A parallel trend of ethane emission and germination yield was observed, for 
onion seeds. We found both, ethane emission and germination probability to decline 
following an aging period.
Chapter 7 deals with the specific slow relaxation character of nitric oxide yielding a 
phase shift of the photoacoustic signal. Recently, NO has been found to be involved in the 
protection and signaling mechanism of plants against pathogen attack. The pathogen, if 
recognized by the plant, causes a ROS burst and a release of NO. By the presence of H2O2 
and NO programmed cell death is started to prevent spreading of the pathogen. Employing 
the CO laser based photoacoustic detection, specific patterns of NO emission for different 
bacteria (i.e. non-virulent, avirulent and virulent) have been observed. The results represent 
the first direct NO measurement during a plant-pathogen interaction.
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Fotoakoestische detectie heeft bewezen een gevoelige methode te zijn om lage concentraties 
van gassen te meten. Verschillende artikelen bespreken de toepassing van deze detectie 
techniek voor het meten van gas concentratie tijdens verschillende processen in Biologie and 
Geneeskunde, bijvoorbeeld ethanol and acetaldehyde tijdens fermentatie, en ethyleen tijdens 
de rijping van in vruchten; ethyleen tijdens UV bestraling van de menselijke huid.
In dit proefschrift, ontwikkelden we het fotoakoestische detectie systeem om andere 
biologisch interessante gassen te meten, namelijk ethaan (C2H 6 ) en stikstof monoxide (NO). 
Met behulp van deze gassen werden processen bestudeerd in planten onder stress condities, 
omstandigheden die voor de organismen ver van optimaal waren voor leven (hoofdstuk 1). 
De stress resulteerde in de vorming van reactieve zuurstof verbindingen (ROS) dat lipid 
peroxidatie op gang brengt. Dit proces levert ethaan als een van de eindeprodukten op. Met 
behulp van fotoakoestische detectie werd ethaan gemeten om de reactie van planten op 
abiotische stress te bestuderen, bijvoorbeeld koude in het licht (hoofdstuk 4), overstroming 
(hoofdstuk 5), en kunstmatige veroudering (hoofdstuk 6). Recente, nieuwe onderzoeken 
rapporteerden dat NO betrokken is bij het afweermechanisme van planten tegen de invasie 
van ziektekiemen. Planten onder biotische stress werden bestudeerd door de NO van met 
bacterien geïnfecteerde tabakbladeren, te meten (hoofdstuk 7).
In hoofdstuk 2, wordt fotoakoestische detectie besproken. Het belangrijskste 
onderdeel van het meetsysteem, de CO laser, wordt in detail beschreven. Een nieuwe 
constructie van de tralie houder maakt het mogelijk om in twee verschillende 
golflengtegebieden te werken: de fundamentele (Av=1) en de eerste overtoon (Av=2) vibratie 
overgang, in het gebied van respektievelijk 4.6 -  8.2 ^m en 2.62 -  4.06 ^m. Hoge laser 
vermogens kunnen verkregen worden voor de (Av=1) mode, meer dan 30 Watt intracavity op 
de sterkste lijnen. In dit gebied laten verschilende gassen een hoge absorptie zien; 
bijvoorbeeld ethanol, acetaldehyde en NO. Echter, ook water heeft hoge absorptie in dit 
gebied, hetgeen spectrale interferentie teweegbrengt. Het gebruik van de CO laser in Av=2 
mode geeft een lager vermogen, namelijk 11 Watt intracavity op de sterkste lijnen. Ethaan, 
ethyleen en pentaan laten een sterke absorptie zien in de eerste overtoon regio op 3.3 ^m. 
Voor ethaan resulteert de combinatie van sterke absorptie, een hoge beschikbaar vermogen en 
minder water interferentie in deze gebied in een detektie limit van 0.5 ppb (part per billion, 
1: 109). De mogelijkheid om de laser te laten werken in twee verschilende modes en 
eenvoudig van tralie te wisselen geeft meer toepasingen; NO wordt gemeten met 
gebruikmaking van de fundamentele (Av=1) mode en ethaan met behulp van de eerste 
overtoon (Av=2) CO laser.
Hoofdstuk 3 geeft een algemene beschrijving van lipid peroxidatie, die de basis 
voormt voor studie van de effecten van stress op de planten. Veel rapporten tonen aan dat 
lipid peroxidatie verantwoordlijk is in bepaalde ziekten. Aanhoudende lipid peroxidatie 
beschadigt structuren in de plant wat leidt tot een lekkage van het cel membraan. Speciale
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aandacht wordt gegeven in dit hoofdstuk aan de rol van ethaan als een specifieke indicator 
voor lipid peroxidatie, en aan de metingen van ethaan met de fotoakoestische detector.
Om te beginnen is koude stress op de koude gevoelige komkommer bladeren 
bestudeerd. (hoofdstuk 4). Met behulp van fotoakoestische detectie was het mogelijk de 
emissie van ethaan continu en direct te volgen. Ethaan werdt waargenomen bij gekoelde 
komkommer bladeren in het licht, maar niet in het donker. De hoogte van de ethaan produktie 
hangt af de gebruikte temperatuur, de licht intensiteit en de duur van de afkoeling. Een 
karakteristieke verhoging van ethaan emissie werd gevonden. Bladeren die op 2oC werden 
afgekoeld, met een licht intensiteit van 500 ^mol geven geen ethaan produktie in de eerste 8 
uren; daarna werd een scherpe toename tot een constant niveau van 2.4 nl g-1h-1 gemeten. Een 
hoge licht intensiteit stimuleert de vorming van ROS in een afgekoeld blad. De aanwezigheid 
van ROS in het weefsel veroorzaakt lipid peroxidatie die de ethaan emissie produceert. Deze 
bevinding komt overeen met de vermindering van CO2 afname wat een verlaging van de 
fotosynthetische activiteit aantoont, veroorzaakt door schade aan het fotosynthetische aparaat. 
Na opwarmen een verhoging van de ethaan emissie gevonden, wat op extra schade duidt.
Hoofdstuk 5 onderzoekt overstroming stress op rijst zaailingen. Twee verschillende 
rijst cultivars, tolerant (FR13A) en intolerant (CT6241) voor overstroming, zijn in deze studie 
getest. Deze twee rijst cultivars werden tot 3 dagen geïnundeerd in het donker, startende 's 
morgens vroeg of in de late namiddag na belichting. Ethaan werd zowel tijdens als na de 
inundatie period gedetecteerd. De resultaten tonen aan dat ongeacht de periode en de start van 
inundatie, de tolerante cultivar (FR13A) minder ethaan produceert dan de intolerante 
(CT6241). Met het verlengen van de inundatie periode, leveren beide cultivars een verhoging 
van de ethaan productie op. Dit resultaat komt overeen met de toename van de schade aan de 
bladeren en afname van de overleving score.
Hoofdstuk 6 presenteert ethaan metingen van uien zaden, kunstmatig verouderd in een 
omgeving met hoge temperaturen en hoge vochtigheid. Er zijn rapporten dat lipid peroxidatie 
gedurende de veroudering leidt tot de vermindering van kiemkracht. De wijzen uit dat 
kunstmatig veroudere zaden minder ethaan produceerden. Dat sluit aan bij de verlagde 
hoeveelheid onverzadigde vetzuren die daarvoor gerapporteerd wordt in de literatuur. We 
vonden dat zowel ethaan emissie als kiemings percentage verminderden gedurende de 
verouderings periode.
Hoofdstuk 7 gaat over het specifiek langzame relaxatie karakter van stikstof 
monoxide dat leidt tot een fase verschuiving van het fotoakoestische signaal. Onlangs is 
ondekt dat NO betrokken is bij het beschermings en signalings mechanisme van planten 
tegen ziektekiemeen. Wanner de plant de ziektekiem herkent, worden ROS en NO gevormd. 
Door de aanwezigheid van H 2 O2  en NO wordt een cell dodings programma gestart om 
verspreiding van de ziektekiem te voorkomen. Met behulp van de fotoakoestisch detector, 
werden de specifieke patronen van NO emissie van verschillende bakterien (d.w.z. non­
virulent, avirulent en virulent) gevolgd. Deze resultaten vertegenwoordigen de eerste direkte 
NO meting tijdens een interactie tussen ziektekiem en planten
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